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1.0 INTRODUCTION

Oil is a complex mixture of hydrocarbons and

which, when introduced into the marine environment,

heterocyclic  molecules

undergoes differential

dissolution and evaporation, adsorption onto particulate material , photo-

oxidation and biological degradation. Additionally, oil as a bulk material is

subject to the combined processes of dispersion into the water column and the

formation of water-in-oil emulsions (mousse). The magnitude of these pro-

cesses and their varying rates are dependent upon the specific chemical mate-

rials involved and on such “environmental” factors as turbulence, air and

water temperature, particulate type and concentration, oil composition, light

intensity, and microbial composition and abundance. The purpose of this pro-

gram has been to investigate the physical and chemical changes which occur to

spilled petroleum in the marine environment as a result of the combined

actions of these abiotic and biotic factors. Among the processes being

examined and quantified are: evaporation, dissolution, microbial oxidation,

ohoto-chemical  oxidation, emulsification (mousse formation), adsorption onto

particulate material, and the influence of a commercial dispersant  on these
processes.

Our investigations have been designed to provide qualitative and

quantitative information on the fates of specific compounds during oceanic
weathering. Ultimately, the goal of this ~rogram is to generate a combined

component-specific and pseudo-component (boiling point or distillation “cut”)

model to simulate and predict spilled ~etroleum behavior as a result of

physical/chemical weathering. These models are being developed to encompass

specific compound partitioning as well as overall oil mass balance considera-

tions, and they are being tested with observed chemical changes from labora-

tory and field experiments. The algorithms which make up the comr)uteri.zed

model can then be used in a predictive manner to determine the time-de~endent

chemfcal compositions and properties of real or simulated oil spills. When

coupled to trajectory models, such a physical-chemical weathering model should
allow environmental managers to better estimate the impacts from real and
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hypothetical oil spill situations. Furthermore, a thorough understanding of

the time-dependent compositions and concentrations of spilled petroleum mix-

tures (including their marine weathering products) will aid in extrapolating

the findinqs from biological effects experiments to real environmental situa-

tions.

While this study was initially designed to be an experimental and

modelinq  effort confined to SAI’S La Jolla facilities, it was feasible to ex-

pand the proqram to include field studies in the Alaskan subarctic environment

of NOAA’s Kasitsna Bay laboratory facilities near Homer. At this facility,

experiments designed to simulate and quantify open ocean evaporation, dissolu-

tion, and microbial and photochemical oxidation processes have been ongoing.

Al SO , in conjunction with other NOAA contractors (Drs. Griffiths  and h’lorita;

RU190), experiments designed to evaluate the long-term chemical fate of fresh
and weathered oil in sub-tidal sediments have been conducted.* During the

most recent field studies at Kasitsna Bay (summer 1981) experiments to examine

the long-term chemical fate of fresh oil and mousse in different intertidal

regimes were also begun.

As part of our ongoing research into the mechanisms of marine oil

weathering, SAI scientists and engineers have continued to participate in

several NOAA and BLM-sponsored reviews including: MARINE OIL POLLUTION:

FEDERAL PROGRAM REVIEW, conducted for the Inter-agency Committee on Ocean

Pollution

Colorado,
Anchoraqe,

Update on
November,

Research, Development and Monitoring (COPRDM), held in Boulder,

September 1980; the St. George Basin Synthesis meetings held in

Alaska, April 1981; and the National Academy of Sciences Review and

the Fate of Petroleum in the Marine Environment, to be held in

1981. Background papers were prepared for each of these sessions

and are available.

*Since the information on long-term fate of sedimented oil is pertinent to the
overall goals of this program, the results of our efforts with Griffiths and
Morita are included as ADpendix C of this report.
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Many of the results from our multi variant petroleum weathering pro-

gram have been discussed in detail in interim and progress reports and, there-
fore, will be repeated herein only as necessary to provide continuity among

the key topics being addressed. This report is intended to be an independent

document summarizing the program’s activities to date, however, it relies in

part on the interested expert having access to the preceding progress reports,

which have been provided to NOAA’s technical monitor. This “annual” report

consists of major sections which deal with the modeling and experimental activ-

ities as well as updates on our ~rogress in understanding the separate and net

effects that the various weathering mechanisms have on spilled oil composition

and component distribution.
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2.0 TOPICAL SUMMARY OF PROGRAM ACTIVITIES

The following outline presents the major program segments and their

activities to date in order to ~rovide an overview of the multivariant analy-

sis approach which has been used to generate physical properties data on oil
weathering and to formulate an oil weathering simulation model. As mentioned

previously, detailed results from many of these activities have been presented
in several Droqress reports; these are contained, along with more recent  ac-

complishments, in subsequent discussions herein in varying levels of detail as

needed to oresent the program’s achievements to date.

Oil Weathering Model !levelo~ment

Mechanisms for handling laboratory and field derived compound
specific data have been developed. Time-series reduced gas
chromatographic data on specific observed compound concentra-
tions in oil and water have been compared directly to computer-
model predictions.

All reduced gas chromatographic data from oil, water and SPM
samples analyzed in La Jolla and/or NOAA’s laboratory facility
at Kasitsna Bay, Alaska, are now incorporated into SAI’S DEC-10
computer which is being used for the oil weathering model.
Observed vs predicted component-specific weathering alterations
can be evaluated for a wide variety of field and laboratory
“environmental” conditions.

It has become apparent that two submodels  - one which is
component-specific and one which “weathers” oil in pseudo-
components (distillation cuts) - are required to give adequate
mass/volume and viscosity/density predictions in addition to
providing component concentration information. Algorithms for
both approaches have been developed and are presented in this
‘re~ort.

Pertinent compound-specific and distillation-cut physical pro-
perty parameter requirements have been defined (Henry’s laW

constants, diffusivities and mass transfer coefficients), and
experiments have been conducted to provide needed data.

Algorithms have been developed to model the following oil
weathering processes:
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Compound-specific evaporation and dissolution in labora-
tory stirred tanks.

Pseudo-compound evaporation from ocean surface using vari-
ous literature sources for mass transfer coefficients.

Compound-specific evaporation from a semi-infinite slick.

Compound-specific evaporation from a finite slick.

Compound-specific dissolution from a semi-infinite slick.

@ Computer codes have been written for all the algorithms which
are currently in final form. These are being used to compare
experimental with theoretical projections, with refinement con-
tinuing as necessary.

Oil Characterization

o Liquid-solid column chromatography (L/C) fractionation, capil-
lary gas chromatography (GC), capillary gas chromatography/mass
spectrometry  (GC/MS), synchronous-scanning UV-fluorescence,
distillation cut, viscosity and trace element data were obtained
on four selected crude oils (Klurban, Cook Inlet, Prudhoe Bay,
and Wilmington Crude).

e Prudhoe Bay crude was selected for further analysis and oil
weathering studies.

Weathering Processes Investigated Using Prudhoe Bay Crude Oil

e“ Experiments have been undertaken to obtain laboratory and field
rate data on the following oil weathering processes.

Compound-specific evaporation/dissolution as a function of
temperature and the presence or absence of a commercial
dispersing agent (Corexit 9527).

Microbial degradation as a function of nutrient concentra-
tions, the presence or absence of oil, microbial population
dynamics, and the source of water (La Jolla vs. Kasitsna
Bay) for continuous flow indoor and outdoor aquaria.

Water-in-oil emulsion (mousse) formation as measured by
emulsion stability, kinematic viscosity and density in
mousse generated in an ambient-environment outdoor wave tank
constructed at Kasitsna Ba,y.
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o Static equilibrium experiments have been undertaken to determine:

Liquid-liquid partition coefficients of individual compo-
nents between oil and seawater as a function of temperature
(data required for dissolution algorithms of cOmPuter
model ).

Partition coefficients of individual oil components between
seawater and five representative suspended particulate
material types isolated from selected Cook Inlet sediments
(required for oil/SPM interaction algorithms).

Effect of oil on selected SPM sinking rates as a function of
particle type and seawater/oil temperature.

Identification of microbial oxidation products by GC/MS
analyses (with and without prior derivatization). Rate data
on oxidation product formation are being obtained from flow-
through rate experiments referred to above.

e Limited photochemical oxidation experiments have been conducted
using simulated irradiation of oil/seawater and oil/seawater/
dispersant mixtures in quartz tubes; numerious oxidation
products have been tentatively identified by GC/MS analysis.*

Kasitsna Bay Laboratory

@ To obtain more
the subarctic
experimentation

valid oil weathering process data representing
marine environment, a certain amount of field
is necessary to evaluate the effects of specific

parameters such as microbial population densities, variable air/
water temperature qradients, ambient nutrient and SPM levels,
solar radiation input, rainfall, snowfall and other similar
factors which cannot be properly simulated in laboratory environ-
ments. Recognizing this, after the laboratory and modeling
activities had begun in La Jolla, NOAA and SAI investigators
designed a major project expansion which would utilize NOAA’S
Kasitsna Bay, Alaska, facility. A geochemistry laboratory was
established there by SAI chemists and indoor and outdoor aquaria
and test tank facilities were constructed.

@ All necessary facilities improvements were completed in August
1980 and oil weathering studies in the outdoor and indoor
aquaria were initiated in September 1980. Several outdoor tanks
were allowed to undergo long-term subarctic ambient weathering

*Due to ~imitations in resources, further investigation of this area has been
postponed to subsequent periods of the program.
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from October 1980 through April 1981. Periodic samples from the
outdoor flow-through systems were collected; and the analyses of
these and the other samples collected during the Spring 1981
(Apri 1 ) field ~rogram are presented. An additional set of
outdoor experiments evaluating evaporation/dissoluti  on and
microbial processes were initiated to evaluate seasonal (Spring/
Summer) perturbations to oil weathering behavior, and results
from these studies are also considered.

e The Kasitsna Bay facility was re-occupied  in August 1981 and
during the Summer/Fall 1981 program, further additions were
undertaken and completed, providing a 2,500 liter outdoor wave
tank to allow more realistic simulation of subarctic, open ocean
oil weathering in the presence of 6- to 10-inch standing- and
breaking-wave turbulence. Additional details on the wave tank
experiments, extensive summer/fall microbial degradation experi-
ments, oil/suspended particulate material interaction studies
and in situ chemical weathering studies of stranded oil in
selec=d Intertidal regimes are presented herein.
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3.n OIL CHARACTERIZATION

At the onset of the program, four crude oils (representative

wide variety of oil ty~es) including two crudes Droduced in Alaska,

of a

were

selected for detailed chemical analyses. The ultimate purpose of this investi-

gation was to select one of the four crudes for additional detailed weathering
characterizations. Crude oils are a naturally occurrinq complex mixture of

organic and inorganic compounds, and the properties of a given crude are de-

pendent upon the original depositional environment, the hydrocarbon sources

and the degree of post-depositional  maturation and migration. In general,

most crudes can be classified into three categories:

@ paraffin-based, exemplified by the continental crudes of the
mid-United States,

@ asphalt-based such as crudes produced in California and the Gulf
of Mexico coast of the United States,

@ mixed-base crudes such as those from the Middle East and Alaska.

Since the objective of this program is to arrive at a computer model

which is applicable to a wide variety of crude petroleums it might be advanta-

geous to select at least one crude from each of the three classes (i.e., paraf-
fin, asphaltic  and mixed base). However, the paraffin-based crudes of the
first  category are not  as likely to be involved  in contamination of t!le marine

environment, and these crudes have relatively low levels of aromatic com-

Pounds, which include the most toxic constituents of crude oil. For these

reasons paraffin-based crudes were not included in this study.

Table 3-1 presents qross characterization parameters of the four se-

lected crude oils examined in this study. These include: 1) a relatively

hiqh API gravity (lower specific gravity) Murban crude which is designated as

an intermediate type or mixed-base crude - this particular crude oil has less

sulfur and asphaltic  material than most other Middle-East crudes (Evaluation

of the Morld’s Important Crudes, 1973); 2) a slightly lower API gravity crude

27



PQ TABLE 3-1. GROSS CHARACTERIZATIONS OF FOUR
w

Specific Viscosity(100”F)*
API* Gravity Kinematic Saybolt

Crude Oil Gravity g/ml c ST Sus

SELECTED WHOLE CRUDE OILS.

.

Pour Pt** Ni w s N ****
“F % Asphalt*** ppm

.———
ppm % %— ——.. —.—

Murban, Aba Dhabi 40.5* ().829 2.8 35.9 -20 7 3.0 9.!3 9.96 0.10

Cook Inlet, Alaska 35.4 0.848 17 85 -15 12 1.3 0.47 0.09 0.11

Prudhoe Bay, Alaska 27.0 0.893 19 84 -lo 23 13.5 28.3 (3.98 0.27

Wilmington, Calif. 19,4 0.938 100 470 +* 24 100 80.6 1.8 9.83

Sources:

* Coleman, et al. 1978
** Evaluation of Worlds Important Crudes, 1973

*** Calculated from Conradson carbon value, Coleman et al., 1978
**** Ni, V, S, W-Id N: this study



from Cook Inlet, Alaska, which is representative of oils produced in the sub-

arctic environment and which by nature of its production and transport might

be expected to be released at sea; 3) a lower API gravity Prudhoe Bay crude

Oil which would have a hiqh probability of release in arctic regimes during

production and in sub-arctic environments during transport and storage; and 4)

a low API gravity crude from Wilmington, CA. The data in Table 3-1 illustrate

that as the API gravity decreases (density increases) the viscosities of the

whole crudes generally increase and the pour points are observed to rise.

Percent asphalt content is also observed to increase in going from the higher

to lower API gravity crudes selected. Nickel , vanadium, sulfur and nitrogen

contents are more variable among the crudes (data generated as part of this

study); however, general increases in trace element concentrations are also

observed in the trend from higher to lower API gravities. These considera-

tiOflS are imoortant in that asphalts and the presence of trace elements such

as nickel, vanadium and sulfur have been implicated

in-oil emulsions (PAYNE, 1981) and as such, their

also be a factor in selecting one representative

weathering studies.

In addition to the whole-crude physical

in stabilization of water-

presence or absence might

crude for additional oil

property characterizations

and trace element data presented in Table 3-1, each of these four oils was fur-

ther characterized by separation into aliphatic, aromatic and polar fractions

by liquid-solid (silica gel) column chromatography (see Methods, Appendix B),

and each fraction was then examined by fused silica capillary column gas chro-

matography (flame ionization detector) and capillary column gas chromatography/

mass spectrometry (GC/MS). Figures 3-1 through 3-4 present the capillary

column gas chromatograms obtained on the fractionated Murban, Cook Inlet,

Prudhoe Bay and Wilmington Crude oils, respectively As the figures illus-

trate, the first three crudes are characterized by a regularly repeating
series of n-alkanes  and branched and cyclic hydrocarbons in the aliphatic

fraction, whereas the Wilmington crude is characterized only by a

Unresolved Complex Mixture (UCM). Likewise, the aromatic fractions

Murban, Cook Inlet, and Prudhoe Bay crudes are very similar (Figures

29
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FIGURE 3-1. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS OBTAINED
ON L/C FRACTIONATED MURBAN CRUDE OIL: (A) ALIPHATIC FRACTION
(Fl); (B) AROMATIC FRACTION (F2); (C) POLAR FRACTION (F3).

30 (KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAKS).
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FIGURE 3-2. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROPIATOGRAMS  OBTAINED
ON L/C FRACTIONATED COOK INLET CRUDE OIL: (A) ALIPHATIC FRACTION
(Fl); (B) AROMATIC FRACTION (F2); (C) POLAR FRACTION (F3).
(KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAKS). 31
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FIGURE 3-3. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS OBTAINED
ON L/C FRACTIONATE~  PRUDHOE BAY CRUDE OIL: (A) ALIPHATIC  FRACTION
(Fl); (B) AROMATIC FRACTION (F2); (C) POLAR FRACTION (F3).

32 (KOVAT RETENTION INDICES ARE SHOWN ABOVE SELECTED PEAKS).
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FIGURE 3-4. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRWS OBTAINED
ON L/C FRACTIONATED WILMINGTON CRUDE OIL: (A} ALIPHATIC  FRACTION
(Fl); (B) AROMATIC FRACTION (F2); (C) POLAR FRACTION (F3).
(KOvAT RETENTIoN  INDICES ARE SF10MVA60VE SELECTED PEAu).
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throuqh 3-3B). The Wilrninqton crude oil aromatic distribution, however, is

skewed to the !liqher molecular weight compounds. Polar components in the

third fraction are observed to be limited in all four of these oils.

Gravimetric data obtained on the allphatic and aromatic fractions and

computer reduced compound-specific concentrations (organized by Kovat reten-

tion indices, Kovat 1958) are presented in Tables 3-2 and 3-3 for 14urban

crude; Tables 3-4 and 3-5 for Cook Inlet crude; Tables 3-6 and 3-7 for Prudhoe

Bay crude and Tables 3-8 and 3-9 for Wilmington crude. Compound concentra-

tions for the limited number of components present in the polar (F3) fractions

from each oil are shown in Table 3-10. These data were generated on SAI’S

13EC-10 computer using our compound-s~ecific data reduction program, and such

data provide the basis for additional compound-specific weathering phenomena

as will be discussed in detail in the next section “Oil Weathering Processes”.

Figure 3-5 presents the reconstructed ion GC/MS chromatogram obtained

on the aromatic fraction from Prudhoe Bay crude oil, and the individual aro-
matic com~onents  tentatively identified in this fraction are numbered on the

chromatogram and listed in Table 3-11. Similar GC/MS data were obtained on
the other crudes, however, comparative differences among the crudes can be

better illustrated by graphic output such as that shown in Figures 3=.6 through

3-8, rather than by tabulated compound identifications and concentrations.

Figure 3-6 presents the individual n-alkane concentrations for Murban

crude, Cook Inlet crude and Prudhoe Bay crude, with the inset showing the

r.e?ative  concentrations of isoprenoid  com~ounds in each of these oils. In
that the Wilmington crude was not represented by an evenly repeating series of

n-alkanes, aliphatic concentrations for that crude are not presented in Figure

3-6. The Cook Inlet crude and Prudhoe Bay crude show very similar trends.

whereas the Murban crude is clearly characterized by relatively higher concen-

trations of the lower molecular weight hydrocarbons.
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TABLE 3-2. MURBAN CRUDE OIL CONCENTRATIONS FOR ALIPHATIC FRACTION.
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TABLE 3-3. MURBAN CRUDE OIL CONCENTRATIONS FOR AROMATIC FRACTION.
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TAELE 2-4. COOK INLET CRUDE OIL CONCENTRATIONS FOR ALIPHATIC  FRACTION.
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TA~LE 3.5. COOK INLET CRUDE OIL CONCENTRATIONS FOR AROMATIC FRACTION.
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TARLE 3-8. WILMINGTON CRUDE OIL CONCENTRATIONS FOR ALIPHATIC  FRACTION.
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TABLE 3-9. WILMINGTON CRUDE OIL CONCENTRATIONS FOR AROMATIC FRACTION.
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TABLE 3-10. POLAR (F3) FRACTION COMPONENTS FOR THE FOUR SELECTED CRUDES.

Murban Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Ko va t Concentration (ug/g)

18.95 1026 121.
78.75 2787 116.

Cook Inlet Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Ko va t Concentration (ug/g)

18.99 1026 151.
78.80 2787 111.

Prudhoe Bay Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Kovat Concentration (pg/g)

5.14 640 6 4 . 4
8.55 806 49.6
9.14 861 28.4

Wilmington Crude Oil Concentrations for Polar Fraction

Retention Time (rein) Kovat Concentration (u9/g)

18.99 1026 211.
78.76 2787 224.
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TABLE 3-11. GC/MS IDENTIFICATIONS OF SELECTED COMPONENTS IN THE AROMATIC

1

2

3

J

5

6

7-9

10

11-13

14

15

16

17

18

19

20,21

22

23,24

25

26

27

28

FRACTION OF PRUDHOE BAY CRUDE OIL (SEE FIGuRE 3-5).

ethyl benzene

p-xylene

o-xylene

n-propylbenzene

ethylmethyl  benzene

trimethy?benzene

C3 benzenes

methylpropyl benzene

C4 benzenes

ethyldimethyl benzene

C4 benzene

tetramethyl  benzene

unsaturated C4 benzene
(possibly a methyl indane)

C4 benzene

naphthalene

unsaturated C5 benzenes
(possibly C2 lndanes)

unsaturated C6 benzene
(possibly a C2 tetral in)

C 6 benzenes

2-methyl naphthalene

unsaturated C6 benzene
(possibly a C2 tetral in)

l-methyl naphthalene

unsaturated C6 benzene
(possibly a C2 tetral in)

29

30

31

32

33-38

39

40

41

42

43-46

47

48

49

50

51

52,53

54-56

57

58-61

62-65

66

67

68

45

C7 benzene

biphenyl

2-ethylnaphthal ene

l-ethyl naphthalene

dimethylnaphthal enes

C3 naphthalene

methylbiphenyl

2-isopropylnaphthal  ene

l-isopropylnaphthalene

trimethylnaphthal  enes

fluorene

dimethylbiphenyl

methylfluorene

dibenzothiophene

phenanthrene

methyl dibenzothiophenes

methyl phenanthrenes

C2 napthothiophenes

dimethyl phenanthrenes

C3 phenanthrenes

benzonaphthothiophene

chrysene or benz (a)anthracene

phthalate ester
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Even more strikinq similarities of the two Alaskan crude oils are

deoicted in Figure 3-7, which shows the relative abundance of alkyl -

substituted Dolvnuclear aromatic (PNA) hydrocarbons as derived from selected

ion monitoring GC/MS analyses. Figure 3-7A presents the relative abundance of

the PNAs for Cook Inlet crude and Figure 3-7B presents the same data for

Prudhoe Bay crude oil. It should be noted that in these oils, as in many
other crudes, the alkyl-substituted pol,ynuclear  aromatic compounds are Pre-

dominant over the non-substituted parent compounds. In Figure 3-7 the parent

hydrocarbon is denoted by the first data point nearest the origin of the Abso-

lute Carbon Number coordinate, and the degree of al kyl -substitution is then

shown to increase with, for example, 11 representing methyl naphthalene,  12

representing dimeth,yl naphthalene,  etc. In comparing Prudhoe Bay and Cook
Inlet crudes it can be seen that the relative “abundance of alkyl-substituted

rtaDhthi3~f3W2S  are near~.y identical, and similar trends are observed for bi-
phenyl, fluorene a n d  Dhenanthrene. In this instance, Cook Inlet crude shows

some evidence of slightly higher relative levels of alkyl-substituted phen-

anthrene. Of these two oils, only Prudhoe Bay crude oil contained significant

concentrations of the alkyl-substituted sulfur-heteroaromatic dibenzothio-

Phenes. This is also reflected in the difference in weight percent sulfur of

the two crudes as shown by the data in Table 3-1. Figure 3-8 presents the
relative abundance olots for the alkyl-substituted  Dolynuclear  aromatic hydro-

carbons in Murban Crude and Wilmington crude. The alkyl -substituted naphtha-
lene composition of Murban crude is similar to that observed for the two

Alaskan crudes; however, this oil contains significantly higher levels of
alkyl-substituted  dibenzothiophenes, and again the weiqht percent sulfur in

the crude is somewhat hiqher. The alkyl-substituted  naphthalene distribution
for Wilmington crude is significantly different from the other three oils

considered, and of the four crudes it has the highest relative abundance of

‘Jhenanthrene and fluorene.

Interestingly, there were no significant levels of dibenzothiophene

detected. BALL and RALL (1962) have shown that the sulfur content of the

low-boiling (up to 250°C) fractions of Wilmington crude is predominantly in
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the form of alkyl thiophenes

sulfur-containing components,

acterized in that study. It

the Wilmington crude also had

and vanadium.

and saturated cyclic sulfides. The bulk of the

however, were in the residue and were not char-

should be noted from the data in Table 3-1 that

the highest levels of

Another significant feature of the relative

r)hatic and aromatic hydrocarbons is that the crudes

the trace elements nickel

abundance plots for ali-

with higher API gravities

(lower specific gravities) also tend to have higher relative concentrations of

the lower molecular weiqht, and less dense, aliphatic and aromatic hydrocar-

bons . That is, the Wilmington crude with the lowest API gravity is not repre-

sented by lower molecular weight aliphatic  materials and the aromatic frac-

tions are skewed towards the more highly alkyl -substituted phenanthrenes and

fluorenes. As the data in Table 3-1 illustrate, the lower API gravity crudes

also tend to Oave higher weight percent asphalts.

Synchronous scanning soectrofluorometry has also been used to char-

acterize the polynuclear  aromatic hydrocarbons content of crude oil and sedi-

ments and waters ex~osed to crude oils (WAKEHAM, 1977; GORDON et al., 1976;

VO-DINH et al., 1978; BOEHM and FIEST, 1980) and this technique was also used

in our studies to characterize the four selected crude oils examined. Fami -

lies of aromatic hydrocarbons can be revealed by this method (LLOYD, 1971) and

synchronous scan UV fluorescence spectra of the four crudes are shown in

Figures 3-9, 3-10 and 3-11. These spectra were obtained on a Perkin-Elmer

model MPF-44A hiqh performance fluorescence spectrofluorometer with the exita-

tion and emission monochromoters offset by 30 nm. The ccmbined excitation

emission spectra were obtained over the range of 230 to 600 nm. In general,

monocyclic aromatic hydrocarbons emit most strongly in the 28(I to 290 nm re-

gion, dicyclic aromatics such as alkyl-substituted naphthalenes emit at about

310 to 320 nm; 3 and 4 ring aromatics emit in the range of 340 to 380 nm and

comoounds  with greater than 5 rings emit in the range of 400 to 470 nm.
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The four crudes shown in, Figure 3-9 were scanned at concentrations of

10 mglml in s~ectral grade cyclohexane and the spectra shown in Figure 3-10
were obtained at concentrations of 100 mg/ml. It can be seen from the spectra

presented in Figures 3-9 and 3-10 that at lower concentrations better fluores-

cence resolution for the small ringed compounds is obtained at the lower wave-

lengths. At higher concentrations, greater fluorescence and resolution is

observed for the 4 and 5 ring compounds, reflecting the effective energy trans-

fer processes wh”

VO.DIDH et al.)

From the

Inlet and hlurban

ch occur at higher concentrations (JOHN and SOUTAR, 1976;

spectra of the whole crude oil samples it ap~ears that Cook

crude oils contain a higher abundance of 2 and 3 ring aro-

matic compounds with Prudhoe Bay crude being intermediate and Wilmington hav-

inq the lowest relative abundance of these compounds. As noted above, these

com~ositional differences are also illustrated by the relative abundance PNA

Dlots presented in Figures 3-7 and 3-8. The 4 and 5 ring aromatics appears to

be more concentrated in the Wilmington and Murban crude oils. Figure 3-11

oresents the synchronous scan UV-fluorescence  spectra obtained on the aromatic
fraCtiOnS of each of the selected oils, and while the results are similar to

those obtained for the unfractionated oils, a slight relative increase in

fluorescence from the 3, 4, and 5 ring compounds can be observed.

While comRonent-specific data are necessary for developing an oil

weatfiering model , additional data are also required to enable a mass balance

a~proach  describing the state of an actively weathering oil slick. As was

discussed in the previous sections on modelinq, it is not possible to develop

a mass balance model of oil weathering if only specific organic compounds, or

even confined groups of compounds, are considered. Thus, to obtain informa-

tion on the overall mass balance for various spilled crude oils, fractional

distillation data are required of the type routinely used in the petroleum

industry for overall oil characterizations. With such an approach, compounds

can be qrouped into pseudo-cornrlonent classes based on their boiling points,
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and cumulative percent compositional data can be obtained on crudes as a func-

tion of the true boiling point distillation curve. Tables 3-12 through 3-15

present the fractional-distillation cut data (COLEMAN et al, 1978) for Murban,

Cook Inlet, Prudhoe Bay and Wilmington crudes, respectively. The percent

composition of each fractional cut is presented by boiling point, and the

cumulative volume percent and API gravity of each distillation cut are also

given. From this data, it can be seen that cumulative percent dist~lled can

vary significantly from oil to oil , and it is also possible to see how differ-

ent oil compositions are skewed to higher or lower molecular weight compo-

flents. Note that the relative percent of nondistillable residue increases

from Murban crude (19. 1%) to Cook Inlet (25.6%) to Prudhoe Bay crude (36.3%)

to Wilmington crude (53.3%) in line with the relative compositions of higher

molecular weight materials, percent asphalt and (to a general extent) l(ine-

matic and Saybolt viscosities. Not surprisingly, a relatively smooth decreas-

ing trend in API gravity is also observed with each distillate cut. Figure

3-12 presents the true boiling point distillation curves showing the cumula-

tive volume percent of each crude distilled vs. true boiling point in “F UP to

the limit of the nondistillable stillpot residual. Similar plots will be

utilized extensively with the development of the pseudo component oil weather-

ing model, and predicted vs. observed (as derived from capillary GC data)

distillation curves will be used to compare oil weathering model output and

observed field data.

In examining the detail from Tables 3-12 through 3-15, and the curves -

presented in Figure 3-12, it can be seen that significant portions of each of .

the crudes occur in the non-distillable residuum with boiling points above

790°F. Thus, while Murban and Cook Inlet crudes have 80% and 71% distillable

components, Prudhoe Bay crude oil and Wilmington crude oil have distillable

fractions consisting of only 62.6% and 46.3% of the starting oil, respective-

ly. The steepness of the boiling point distillation temperature vs. percent

distilled curves in Figure 3-12 also shows the relative differences in percent .

higher molecular weight non-boiling components. That is, the steeper the
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TABLE 3-12. FRACTIONAL 9ISTILLATION DATA ON MURBAN BAB-!3U HASA ABU DH,4BI
CRUDE OIL.

Cumulative ‘i
Fraction Cut ?emo Volume Cumulative “API Based on Total

NO. ‘F Percent Percent 60°F Distillable Only

1 122 1.7 1.7 96.7 2.1

2 167 2.9 4.6 86.2 5.7

3 212 4.9 9.5 70.6 11.8

4 257 6.0 15.5 62.3 19.4

5 302 6.7 22.2 55.7 27.7

6 347 6.4 28.6 51.6 35.7

7 392 5.7 34.3 48.5 42.8

8 437 5.6 39.9 45.6 49.8

9 482 5.9 45.8 43.0 57.?

70 527 4.9 50.7 40.0 63.3

11 580 5.7 56.4 35.8 70.4

12 638 5.6 62.0 34.0 77.4

13 685 6.5 68.5 30.0 85.5

14 738 6.0 74.5 28.4 93.0

15 790 5.6 80.1 2 6 . 6 100

-; Non-distillable residuum: 19.1; cumulative % 99.2; ‘API 16.7

‘i Asphalt in residuum: 30

56



TABLE 3-13. FRACTIONAL DISTILLATION DATA ON COOK INLET, ALASKA CRUDE OIL
(McArthur River Field).

Cumulative %
Fraction Cut Temp Volume Cumulative ‘API Based on Total

v10. ‘F Percent Percent 60°F Distillable Only

1 122 2.4 2.4 89.2 3.4

2 167 2.5 4.9 77.2 6.9

3 212 5.9 10.8 65.0 15.1

4 257 6.1 16.9 59.5 23.7

5 302 5.1 22.0 55.4 30.8

6 347 5.2 27.2 50.8 38.1

7 392 4.9 32.1 46.5 45.9

8 437 5.1 37.2 43.0 52.2

9 482 5.2 42.4 39.6 59.5

10 527 5.0 47.4 37.0 66.5

11 580 3.3 50.7 32.8 71.1

12 638 5.2 55.9 31.3 78.4

13 685 7.0 62.9 28.7 88.2

14 738 4.2 67.1 26.6 94.1

15 790 4.2 71.3 25.0 100

‘~ Non-distillable residuum: 25.6; cumulative % 96.9: ‘API 11.6

% Asphalt in residuum: 35
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TABLE 3-14. FRACTIONAL DISTILLATION DATA ON PRUDHOE BAY, ALASKA CRUDE OIL<

Cumulative R
Fraction Cut Temp Vo 1 ume Cumulative “API Based on Total

No. ‘F Percent Percent 60°F Distillable Only

1 122

2 167 2.1 2.1 72,7 3.4
3 212 2.6 4.7 64.2 7.5
4 257 3.5 8.2 56.7 13.1
5 302 3.6 11.8 51.6 18.8
6 347 3.7 15.5 47.6 24.8
7 392 3.5 19.0 45.2 30.4
8 437 4.3 23.3 41.5 37.2
9 482 4.8 28.1 37,8 44.9
10 527 5.0 33.1 34.8 52.9
11 580 2.8 35.9 30.6 57.3
12 638 6.5 42.4 29.1 67.7
13 685 6.8 49.2 26.2 78.6
14 738 6.0 55.2 24.0 88.2
15 790 7.4 62.6 22.5 100

% Non-distillable residuum: 36.3; cumulative ;i 98.9; OApI 11.4

‘: Asphalt in residuum: 57
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TABLE 3.15. FRACTIONAL DISTILLATION DATA ON WILMINGTON, CALIFORNIA CRUDE OIL.

Cumulative %
Fraction Cut Temp Volume Cumulative ‘API Based on Total

No. ~c Percent Percent 60”F Distillable Only

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

122

167

212

257

302

347

392

437

482

527

580

638

685

738

790

2.3

2.4

2.4

2.5

2.8

3.6

4.4

5.3

4.7

6.3

4.1

5.5
*

2.3

4.7

7.1

9.6

12.4

16.0

20.4

25.7

30.4

36.7

40.8

46.3

68.6

58.7

53.0

48.1

43.2

38.8

35.4

32.3

26.8

24.5

22.3

20.3

5.0

10.2

15.3

20.7

26.8

34.6

44.1

55.5

65.7

79.3

88.1

100

% Non-distillable residuum: 53.5; cumulative % 99.6; ‘API 8.9

% Asphalt in residuum: 42

* D~stillation discontinued at 740°F
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curve in Figure 3-12 the more components present boiling

3-13 shows the cumulative boiling point distributions

above 790”F. Figure

for the four crudes

based on the total distillable fractions only. That is, it is a temperature

vs. percent distilled curve for the fraction of the oil which can be distilled

below 790°F, and thus, the weight of each distillate cut has been normalized

to the overall weiqht of the total distillate obtained. What this data shows

is that at a given temperature less total material of the distillable fraction

has been distilled for Prudhoe Bay and Wilmington crude vs Murban and Cook

Inlet crude, and tfiis again reflects the somewhat higher molecular weight

comoonent concentrations of the Prudhoe Bay and Wilmington crude oils.

Selection of Prudhoe Bay Crude Oil for Further Oil Weathering Studies

Based on the results just presented, Prudhoe Bay crude oil was

selected as being the best candidate for extensive sub-arctic weathering

studies. Prudhoe Bay crude oil has an API gravity somewhat lower than the

Murban or Cook Inlet crudes, yet its aliphatic fraction is represented by an

evenly repeating series of alkanes (unlike the Wilmington crude) which facili-

tates examination of microbial degradation processes. Also, Prudhoe Bay crude

oil has a relatively high Dercent asphaltic fraction and intermediate levels

of nickel, vanadium, sulfur and nitrogen, making it an ideal oil for extended

studies investigating the formation of water-in-oil emulsions or mousse

(PAYPIE, 1981). As demonstrated by the synchronous scan UV fluorescence data

and the selected ion monitoring relative abundance plots for the polynuclear

aromatic hydrocarbons, Prudhoe Bay crude oil is intermediate in overall aro-

matic hydrocarbon comt)osition. On this basis, the Prudhoe Bay crude is a good
representative selection for toxicity determinations on weathered crude oil.

Finally, while bot$ Cook

higher ootential of being

of Prudhoe Bay crude over

contains relatively higher

Inlet crude oil and Pruclhoe Bay crude oil have a

released in sub-arctic environments, the selection

Cook Inlet crude was supported by the fact that it

levels of the alkyl-substituted dibenzothiophenes.
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4.0 OIL WEATHERING MODEL PEVELOPMEYT

The objectives for a mathematical model of oil weathering on the

ocean surface are to temporally predict both the mass of oil remaining in the

slick and the chemical composition and physical properties of the oil slick.

These two objectives require that oil composition be described in terms of

both specific components and component categories, or “~seudocompounds.”

Pseudocomponent  classification has been widely used in the petroleum industry

to describe crude oil because of the inherent interest in bulk oil character-

istics and accounting for total mass. A specific-component description is of

more interest to describing spilled oil as a changing source of foreign chemi-

cals to an aquatic ecosystem, but the complexity of oil composition makes it

impractical to keeD track of bulk oil mass in terms of individual components.

The mathematical models presented in this report are in various

stages of develo~ment and computerization. The most developed to date are

those describing the evaporation and dissolution processes, and present for

the first time a coupling of the two types of material balance models

(specific- and pseudo-component) in a form that will provide environmental

predictions. These models incorporate the concepts of interracial mass trans-

fer, the considerations of both mechanically well-stirred and stagnant oil
phases, the

the oil by

predictions

effects of slick s~readinq, and the boundary conditions imposed on

the environment. In addition, these models include descriptive

of specific compound concentrations in the air and water columns

in contact with a slick or other spilled oil phase.

Both ~ortions of the model require distinct and independent mathemati-

cal formulations. In order to predict the mass of oil remaining in a slick as

a function of time, a method of characterizing the bulk oil with respect to

the various transport processes that alter and dissipate oil must be utilized.

The total oil mass cannot be characterized by its individual components be-

cause of their number and complexity, and the limitations of analysis. TO

compensate for these limitations, the pseudo-component approach “cuts” oil

into a number of fractions, assiqning appropriate physical properties to each.
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In attempting to predict the mass of oil remaining in a slick, the

two most important mass transport processes to consider are evaporation and

dissolution. Of these two, evaporation appears to have the greater influence,

certainly over short time scales, making vapor pressure an especially impor-

tant oil characteristic. Adequate description of the dissolution process, on

the other hand, requires water volubility information. The pseudo-component

approach to describe these ~rocesses is to cut the oil into a number of frac-

tions based on ~ro~erties of distillation fractions.

The pseudo-component

previous efforts to model oil

total material balances with

approach, which is that taken in virtually all

weathering, is singularly useful for providing

time for spilled oil (especially for slicks).

However, this approach does not predict the time-dependent material balance

for specific chemical components. In order to obtain component-specific

information, component specific physical properties (e.g., solubilities, vapor

pressures and other phase partitioning parameters) must be used. There have

been no other functional component specific models developed previously.

Ironically, most of the data generated when an actual oil spill has occurred

have been component-specific concentrations across phase boundaries.

Althouqh evaporation and dissolution are the oil-weathering ~rocesses

of most importance during the initial stages of a spill, other longer-term

weathering processes destroy and produce compounds to a degree that is impor-

tant to any component-specific model. In the case of autoxidation, a compound
may chemically react to become an aldehyde, ketone, alcohol or carboxylic

acid, all of which are more soluble in the water column than are the precursor
hydrocarbon compounds. Similarly, metabolizes of microbial degradation have

ohysical properties markedly different from their corresponding parent com-

pounds. Such “fringe” processes, which are not unimportant, are typically

more complex than are the evaporation and dissolution processes, increasing

the complexity of their mathematical descriptions.



In discussing the segments of the model which follow, three basic

aspects have been considered for each oil weathering process:

(1) physical properties (of bulk oil and specific components)

(z) mass balance equations (for specific components and pse~do-
components)

(3) environmental parameters (which the oil encounters upon being
spilled)

Physical properties include the thermodynamic and transport characteristics re-

quired to describe a particular process. In the cases of evaporation and

dissolution, thermodynamic properties are the vapor pressures, Henry’s law

coefficients, solubilities,  and mixing rules, while the transport properties

include diffusivitiess viscosities and, again, mixing rules.

4.1 Pseudo-Component Marine Evaporation of Oil

Predicting the quantity of oil in the slick as a function of time

requires that a total mass balance approach be used. It is not possible to

write a total material balance for crude oil by using component specific in-

formation. If one tries to use component specific information, it soon be-

comes apparent that all the components in crude oil will never be identified,

thus precluding an accounting of the total mass of the oil. No predictive

equations have ever been successfully developed based on specific components

where the purpose of prediction was a total mass balance for oil.

The question then is raised as to how one uses bulk properties of the

oil to make specific predictions? The petroleum industry refers to these bulk
properties of oil as “characterization parameters”. The characterization of

an oil must be done with respect to a specific prediction as the objective.

For example, when the prediction (process design or mathematical model) is a

process that involves vapor-liquid transport, the characteristic parameters
are then vapor

Performance of

pressures or partial pressures. When the prediction is the

a catalytic reformer where naphthas are converted to aromatics,
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the characteristics required on the catalytic reformer feedstock are combined

contents of paraffi ns-olefins-naphthas-aromati  CS, referred to as PONA. Kinet-

ic equations use PONA values as starting concentrations along with kinetic

constants to predict the product from the catalytic reforming process. Both

these examples illustrate a pseudo-com~onent model, sometimes referred to as a

“lumped” model.

In predicting the mass of oil remaininq  in an oil slick as a function

of time as evaporation proceeds, characterization of the oil must be with

respect to vapor pressure. An overall mass balance utilizes the vapor ~res-

sure and environmental parameters to predict loss of oil and, therefore, mass

of oil remaining in the slick. The following discussion considers: 1) tile

~rocedure for characterizing crude oils with respect to pseudo-component vaoor

pressures and 2) the pertinent equations for the overall mass balance as they

aoDly to the use of the overall oil weathering model.

4.1.1 Pseudo-Component Characterization of Crude Oil

The standard inspections on a crude oil include distillation, density

of the distillate cuts, and viscosity of the distillate cuts. There are virtu-

ally no component-specific data that can be obtained which will allow adequate

prediction of the bulk properties of the oil. The standard distillation data

come from either a true boiling point distillation or an ASTM (American Soci-

ety for Test and Materials) D-86 distillation; both are carried out at one atmo-

sphere total pressure. Each of these distillations can be carried out at 10

mm Hq total pressure to obtain information on the less volatile fractions of

the oil.

Either distillation is conducted in a manner such that the distillate

fractions are collected separately (i.e., the fraction distilling at 50 to
75CC is physically separated from the fraction distilling at 75 to 100”C).

The total number of fractions collected is usually five to seven, but can be

as many as 20. Characteristic data for the distillate fractions include the
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temperatures at the beginning and end of each fraction (or “cut”), somet’

in the form of a continuous curve of temperature vs percent distillate.

API (American Petroleum Institute) gravity for each cut is then measured
is occasionally the viscosity of each cut.

Given the boiling point (1 atm) and API gravity of each cut

mes

The

as

(or

pseudo-component) , the vapor pressure of the cut as a function of temperature

can be calculated. First, the molecular weight and critical temperature of

the cut are calculated according to the following correlation (FALLON and

WATSON, 1944):

Y = c 1 + C2X1 + C3X2 + C4X1X2 + C5X,2+ C6X;
(4.1)

where X ~ is the boiling point (“F) at one atmosphere, X2 is the API gravity,

and the constants Cl to C5 have the values indicated in Table 4-1. Similarly,

the critical temperature can be calculated from the same equation form using

the indicated constant values in Table 4-1.

Next the equivalent paraffin carbon number is. calculated according to

(GAMSON and WATSON, 1944):

Nc = (hlW - 2)/14

The critical volume is then calculated according to:

(4.2)

V c 

= (1.88 + 2.44 Nc)/0.044 (4*3}
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mm

TABLE 4-1. CORRELATION EQUATION CONSTANTS FOR THE CHARACTERIZATION OF NARROW BOILING PETROLEUM
FRACTIONS (see text for equation form).

PROPERTY c1 C2 C3 C 4 C 5 - C6— —— —- .—

Molecular weight
t < 500°F~ --

Molecular weight
t ~ 500
b

Critical temperature
to < 500—

Critical temperature
tb > 500

b’

Kinematic vis,
CS @ 122°F
API 535

Kinematic vis,
CS @ 122°F
API > 35

6.241 E+01 -4.595E-02 -2.836E-01 3,256E-03 4.578E-04 5.279E-04

4.268E+02 -1.007 -7.491 1.380E-02 1.047E-03 2.621E-02

4.055E+02 1.337 -2.662 -2.169E-03 -4.943E-04 1.454E-02

4.122E+02 1.276 -2.865 -2.888E-03 -3.707E-04 2.288E-02

1.237E-02 2.516E-01 4.039E-02 -4.024E-02 ----- -----

-4.488E-01 -9.344E-04 1.583E-02 -5.219E-05 5.2688-06 1.536E-04

-6.019E-01 1.793E-03 -3.159E-03  -5.lE-06 9.067E-07 3.522E-05



and the critical pressure is calculated from:

20,8TC
Pc =

~’p;

I

(4.4)

where Pc = 10 to (correct the critical pressure correlation from a strictly

oaraffinic mixture to a naphtha-aromatic-paraffin mixture). Next a parameter
(b) is calculated according to

b = b’ -0.02 (4.5)

where

b’ 2 3
= c 1 

+ C2NC + C3 NC + C4 NC

and the values of the constants Cl to C4 are indicated in Table 4-1.

A final parameter designated as A is then calculated according to:

(4.6)

‘rb I
A= + exp [-20(Trb - b)z]10910 (Prb) ~

‘rb-l~ \
(4.7)

where Tr and P are the reduced ternoerature and pressure at the normal boiling

?
%

point. he vapor pressure equation which can be used down to 10 mm Hg is:

-A(l - Tr)

[
b)2]loglo pr 

= T - exp -20(Tr -
r

(4.8)
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where A, h, Tc and Pc were determined from the normal boilinq point and API

qravity of the cut. The temperature at which the vapor Dressure is 10 mm l+g

can be obtained by the root-finding algorithm of Newton-Raphson.

Below 10 mm I-lg, the vapor pressure

Cl ausius-Clape.yron equation as follows (GAMSON

is calculated according to the

and WATSON, 1944):

(4.9)

and is based on the law which states the ratio of the heat of vaporization, A,

to (1 - Tr)
0.38 is a constant at any temperature. The latent heat of vaporiza-

tion is calculated from the slope of the natural log of the vapor pressure

equation with respect to the temperature at the temperature where the vapor

Dressure is 10 mm I-ig. Thus, in the above equation, P2 is the 10 mm Hg vapor

pressure at the temperature, Tr, previously determined.

A sample calculation

oil is presented in Tables 4-2

spections (COLEMAN, 1978; PPC,

for the characterization of Prudhoe Bay crude

and 4-3A. Table 4-2 presents the standard in-

1973) for the crude and is the starting point

for the characterization calculations. Note that the distillation in Table

4-2 was conducted at 40 mm Hg for cuts 11 to 15. Thus, these cut temperatures

must be corrected to one atmosphere (API, 1976). Table 4-3A presents the com-

puter qenerated output along with the corrected cut temperatures, and a calcu-

lation of the vapor pressures at an environmental temperature of 55°F. The

characterizations of Cook Inlet, Murban, and Wilmington crudes are presented

in Tables 4-35 to 4-3D, and the vapor pressures calculated from these charac-

terizations are presented in Table 4-3E for all four crudes.
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TABLE 4-2. STANDARD INSPECTIONS FOR PRUDHOE BAY CRUDE OIL (COLEMAN, 1978).

km. 9
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Rudhm & fmld
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Sdhmshii.  Trkic
%m-9,008fwt
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&’r!3&am&2-E.I
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-1- I‘—
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“r I ‘?; ] ~ z ; 34% ; “d’;. c I ‘ :~~.’: &g!g& j ,#r, ~
1. 1“—’In
2 . . . 167 ! 2.1” :aG—‘-
a.. 212 1. ;:; i“14a312  I “’139:0”
4 . . . .1 2s7 I 41922 .-..;; !,. .W?.s. . . . ,Jm ..3.i_. a.. J I.aoa 1... J47..  O...
n.. . n? -u ..31 . . . . . . 1.43?22.. . ..M.6.
r.. . .:! ma __aA.. I. ..30..... .L44t2A ._UZ_L.
8 . . . i W .4A. ~* 1.45$28  . . . ..IS.7.
v. . . . . m .4.8 l-~a .1.5?.0
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&!j  I 42.4 ! :*I:::: -29..  !
40 10
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““ -“.”4s’:;” ::3di
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,,  I ..!.6?:4
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TABLE 4-3A. SUMMARY OF THE TBP CUTS CHARACTERIZATION FOR PRUDHOE BAY, ITEM 9, SAMPLE 71011.

SUMNAnY  OF TW

T N
I  .670E+02

!2 2.j20E+n2
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4 0.020E+02
(1 0.470E+(J2
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TABLE 4-3E.
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4.1.2 Pseudo-Component Evaporation Model on the Ocean Surface

The evaporation  model which predicts the oil remaining in a slick is

derived from the DhYSiCal properties of the oil cuts and a total material

balance. From the previous discussion a number of pseudo-components are de-

fined. For each pseudo-component the vapor pressure, molecular weight and

initial quantity are known, and a material balance can be written to include

each:

dM i = -K AX.PTpl~ fori=l, z, total number
dt ‘.”- -..”of components (4.10)

where it is assumed that the oil slick is well stirred and a pseudo-Raoult’s

law applies as the mixing rule. In this rate equation, Mi is the number of

moles of component i in the oil slick, P; is the vapor pressure at the pre-

vailing environmental temperature, A is the area of the slick, Kp is an over-

all mass-transfer coefficient based on partial pressure driving forces, and xi

is the mole fraction of component i in the slick. The differential equations

are all coupled through the mole fraction term where the total number of moles

appears in the denominator.

The over-all mass-transfer coefficient can be calculated two differ-

ent ways. One way is the approach of MACKAY and MATSUGU, 1976:

K = 0.0292 “0.78 ~-O.11 S.-0.67
(4.11)

where U is the wind velocity in m/hr, X is the slick diameter (assumes cir-
cular sllck), and Sc is the Schmidt number {2.7). This expression is a cor-

relation and is the proper mass transfer coefficient to multiply by the

partial pressure to obtain the rate.
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Implicit in the rate equation for the i-th component is the assump-

tion that the partial pressure in the bulk atmosphere is zero. It can then be

seen that the mass transfer coefficient above takes into account an averaging

effect whereby the evaporation rate on the downwind portion of the slick is

lower than the upwind portion due to the fact that Pi becomes finite in the

air immediately over the oil slick in the direction of the wind.

Another approach to calculating overall mass transfer coefficients is

that of TREYBAI-, 1955, and LISS, 1974:

(4.12)

where k
~

is the individual gas-phase mass-transfer coefficient, ‘1? is the

individual liquid-phase mass-transfer coefficient and H* is the Henry’s law

coefficient which is defined by:

Pi ~ H*xi (4.13)

The units on k ~ for a partial pressure driving force are typically moles/(m2

hr atm), the units on k for a mole fraction driving force is moles/(m2 hr),

and the units on H* are atm. The individual mass transfer coefficients, kl

and k , must then be obtained from actual data in a manner similar to that

used ~o deduce K in equation (4.11).

The other bulk property of interest for the oil slick is its viscos-

ity. When oil is spilled on the ocean surface, the viscosity is low enough so
that mixinq occurs and the well-mixed oil-phase assumption is valid. However,

as evaporation occurs the viscosity increases because the low-viscosity frac-

tions are removed. The viscosity “blending” relationship used to predict the

bulk viscosity as a function of composition is:
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lnu = x Xjln~.j for imix =1,2, . . . . . . . .

i = l
(4.14)

Therefore, in order to predict viscosity as a function of time the viscosity

of the individual fraction from the distillation characterization must be

known. If these data are not available then the viscosity of the cut can be

estimated from the correlation form indicated in equation (4.1) where the pre-

dicted quantity iS Ioglo of the kinematic viscosity at 122°F in centistokes

and the constants Cl to C5 are presented in Table 4-1 (HOUGEN, 1965). The

viscosity for each cut can then be scaled with respect to temperature accord-

ing to (GOLD, 1969):

,n!J= 5.2 X 10-4(+ - 0.00172) (4.15)

where T is in degrees R (Rankine scale). This viscosity equation does

take into account water-in-oi 1 emulsion (mousse) formation (MACKAY, 1980).

The area for mass transfer in equation (4.10) is calculated from
rate at which the oil spreads on the water surface. Considerable research

not

the

has

been devoted to the spreading of oil on

the resulting models are still relatively

MACKAY, 1980 version.

Oil is assumed to spread in

slick feeding the thin slick. Using

of the thin slick is given by:

dA1

— =  klA,l’3
‘t

the water surface, however, many of

elementary.

thick and thin

arguments based

‘x’ [-’z]

We have relied on the

slicks, with the thick

on observation, the area

(4.16)
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where A ~, is the area, kl and k2 are constants and Z is the thickness of the

thick slick. The thick slick area is given by:

d+
— = @ ’33 A2 - k4A1/Z
‘t

(4.17)

where A2 is the area of the thick slick and k3 and k4 are constants. The area

and thickness are related by the mass (moles)of oil in the slick and the bulk

density, and the oil remaining in the slick is obtained from the previous dif-

ferential equations describing the Dseudo-component material balances.

Constants for the above equations are kl = 1, k2 = 0.0015, k3 = 150
-6and k4 = 1 x 10 . The units on the variables are meters and seconds. The

thick oil slick is assumed to have an initial thickness of 2 cm and the thin

slick area is assumed to be 8 times the thick area. The thin oil slick thick-

ness is set at 1 micrometer.

The evaporation model ,just described could be used to predict mass

transfer from a spilled oil mass over any time period. However, it is known

through observation that an oil slick eventually becomes rigid and is not well-

stirred at longer (greater than a few days) time intervals. Therefore, we

have established a criterion to quage when a slick becomes rigid based on bulk

viscosity (presently a value of 1000 centipoises is being used). A more

soohisticateri approach would be to include information on the sea state and

the Reynold’s  stress at the air-sea interface; however, such data are dif-

ficult to come by in quantitative form.

Equations (4.1) through (4.17) represent the pseudo-component mathe-

matical model describing the weathering of an oil slick due to evaporation.

The material balance approach incorporates physical properties, mass balance,

and the effect of environmental conditions. Figure 4-1 summarizes the flow of
information that occurs in this model.
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wSTART
input TBP distillation cuts;

normal boil ina Doint. API aravitv

v’

I calculate vapor pressure equation
constants for each cut

Initialize differential equations foil
I each pseudocomponent

I
I

&
calculate mass transfer coefficients I

I using environmental information
1 1

integrate set of differential equations
orint out observable

stop when viscosity >1000 cp
I

hEND

FIGURE 4-1. CALCULATION STEPS FOR PREDICTING SLICK MASS DUE TO
EVAPORATION USING PSEUDOCOMPONENTS.
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The results of an evaporation calculation for Prudhoe Bay crude oil

are presented in Figures 4-2 and 4-3, and in Appendix A. Figure 4-2 presents

the starting distillation curve (at time zero) and curves at other times up to

500 hours. Figure 4-3 presents the predicted gas-chromatograph curve where

the residuum has been deleted and the curves renormalizeda These. results were

obtained for a mass-transfer coefficient calculated from the MACKAY and

MATSUGU (1976) correlation for a 10 knot wind.

When an oil slick becomes “rigid” due to increasing viscosity, the

com~onents  leave the slick by diffusion, but mathematically the slick can

still appear to be well-stirred. Section 4.6.3 presents a discussion for a

criterion to determine when internal circulation in an oil slick ceases. In

order for an oil slick to appear well-stirred when in fact it is a slab, the

ciiffusivity, the convective mass transfer coefficient, the Henry’s law coeffi-

cient and the slick thickness must satisfy a certain relation. The following

section oresents a discussion of this relation, which is called the mass-

transfer “Biot” number, and how the modeling mathematics can be simplified by

evaluating this relationship.

4.2 The Influence of Mechanical State on an Oil Slick

In essentially all of the previously ~ublishecl  modeling work on oil

weathering b.y the processes of evaporation and dissolution, the oil phase has
been m“odeled  as a well-stirred phase, resulting in a decaying exponential

expression. Another modeling assumMion which might be applied to an oil

phase is that diffusion controls the mass transfer of components, at least

under certain conditions. The well-stirred oil assumption is not universally

aopromiate  since there can be conditions under which an oil phase is stagnant

and not mechanically stirred. However, if the rate of evaporation (or dis-

solution) is the rate limiting step, then the concentration gradients in the

oil phase can “keep up” with the evaporation rate at the surface and the “oil

phase ap~ears well-stirred (i.e., no concentration gradients exist). The rate

of evaporation or dissolution can be expected to be rate limiting when the
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partial pressure or volubility of the component of interest is quite small, or

when a crust or skin has formed on the oil surface.

The following discussion examines a criterion for invoking the well-

stirred oil phase assumption by invoking results from corresponding heat trans-

fer problems. This criterion is then examined for the physical properties of

the components of interest for evaporation from an oil slick. Finally, the re-

sults of a numerical experiment are presented which demonstrate that a decay-

ing exponential model can fit the data from an evaporation experiment where

the evaporation is diffusion controlled within the bulk oil phase.

4.2.1 Modelincl Assumptions

In heat transfer Droblems involving flat plates and a surface heat

transfer coefficient, there are two problem solutions termed the “thin” and

“thick” plate solutions. A thin plate does not have sufficient internal ther-

mal resistance relative to the surface resistance to support temperature gradi-

ents. In other words, the surface resistance to heat transfer is much greater

than the internal resistance. As a result the temperature of a thin plate is

essentially uniform and the thin plate problem solution is the same as that

obtained for a well-stirred phase comprising the plate, A particular plate

can be classified as thermally thick or thin according to the !3iot number

(ROHSENOW and HARTNETT, 1973) which is:

~i.j. (dimensionless) (4.18)

where h is the surface conductance, b is the plate thickness and K is the

thermal conductivity. Roughly, for a flat plate with the convective boundary

condition:
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thin, Bi<O.1 ; thick, Bi>O.1
(4.19)

The Biot number as defined above is the same as H in the solutions for the

tem~eratures of a well-stirred fluid in contact with a slab with “radiation”

boundary conditions (JAEGER, 1945).

The correspond

flat plates is obtained
transfer:

ng Biot number for mass transfer problems nvolving

by examining the following equations for heat and mass

dT I‘K iKx=o=h(Tm -T)
(4.20)

where T is the temperature of the solid at the interface and Tm is the tempera-

ture of the convective medium. The corresponding equation for mass transfer
is:

-G%
I

= h(Cm - CM*)
X=2 (4.21)

where ~is the diffusion coefficient in the slab, C is the concentration in

the slab at the interface, Cm is the concentration of the convective medium,
C; is the hypothetical concentration of the convective  medium in equilibrium

with C, and h is now the convective mass-transfer coefficient. The equilib-

rium relationship required is assumed to be a Henry’s law type expressed as:

CM* =  cc (4.22)
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Equations (4.21) and (4.22) are not in the same form because of the

equilibrium relationship that exists in the mass transfer case. However,

makinq the change of variable C; = ~C in the later equation yields:

(4.23)

Now , compared to the heat transfer Biot number, the Biot mass-

transfer number becomes:

Bi(mass) = ~
(4.24)

In order to use the Biot number criterion to determine if an oil

slick is diffusion-controlled, the quantity ~ in the Henry’s law expression is

required. The followinq  calculation illustrates the assumptions and data

required to calculate ~. The starting point for the calculation is:

(4.25)

where Ca is the concentration in the air, gin/cc; C! is the concentration in

the liquid, qm/cc; and” g is dimensionless.

In the absence of experimental measurements of ~$ a conventional
Raoult’s law is assumed:

Pi = X.p
1 Vp (4.26)

where Pi is the partial pressure of comoonent i, xi is the mole fraction, and

P is the pure component vapor pressure.Vp In order to use this expression, it

must be assumed that:
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(4.27)

where Mi is the molecular weiqht of the component of interest, M. is the mean

molecular weight of the oil , and P is the bulk oil density. The quantityVp
RT/Mi converts Ca to partial pressure and the quantity Mo/(PvpMi) converts

C; to mole fraction; thus recovering Raoult’s law as used here. The dimen-

sionless Henry’s law constant sought becomes:

(4.28)

which has

use of mo”

units of (qm-mole i)/(gm-mole  oil) and is unitless according to the

e fraction in Raoult’s law.

In order to illustrate the calculation of the Biot mass-transfer

number, the vapor pressures for hydrocarbons containing 6 to 18 carbon atoms

can M predicted from (BUTLER, 1975):

Pi = exp [10.94 - 1.06Ni] “
(4.29)

where Pi is the vapor pressure in mm Hg at 20°C and Ni is the number of carbon

atoms. The quantity g becomes:

exp [10.94 - 1.~6Ni] M.
‘E

(4.30)=
760PORT

Assuming a mean molecular weight for the oil of 300 gms/gm-mole and a bulk oil

density of 0.8 gm/cm3, Equation (4.30) becomes:
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t = 2 ~ @-5 exp [10.94 - 1.06Ni] (4.31)

at 20” C, and the above can be used to calculate the Biot mass-transfer number.

IrI order to calculate the Biot mass-transfer number, the diffusivity

of the component of interest, the convective mass-transfer coefficient and oil

thickness must be estimated. For the diffusivit.y a value of 10-6 cm2/sec is

used (REID, 1977); a slick thickness of 0.5 cm, and for the convective mass-
transfer coefficient a value of 1000 cm/hr (0.28 cm/see; LISS, 1974). The

Biot mass-transfer number becomes:

Bi s 1.4 x Io-5g

or, using the expression for :

Bi = 2.8 exp [10.94 - 1.06Ni]

(4.32)

(4.33)

Table 4-4 presents the Biot mass transfer number for hydrocarbons

containing 6 to 20 carbon atoms. This table indicates that the “thin” plate

solution (i.e., the well-stirred phase assumption) is satisfactory, and that
it Can be used for hydrocarbons n-C14 and higher in carbon number. Thus, for

these compounds the evaporation rate is so small that the diffusion transport

rate can “keep up,” and the concentration profiles within the oil are “flat.”

However, for hydrocarbons containing 13 carbon atoms or less, the evaporation

rate is much greater than the diffusion rate. As a result concentration pro-

files can be present in the oil phase and

tion should not be used.

It is important to recognize the

Biot mass-transfer number. The diffusivity
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assumed is 10 -6 cm2/see, and it is



TABLE 4-4. BIOT MASS TRANSFER NUMBER @=10-6 cm2/see, 8=0.5 cm,
h=1000 cm/hr, T=20°C).

(carbo~iatoms) (dimens!~nless)

6 273
7 94
8 33
9 11

10 4
11 1.4
12 0.5
13 0.16 diffusion controlled

(convection> diffusive rate)

14 0.05 (diffusive rate>convective)
15 0.02 well-stirred
16 0.006
17 0.002
18 0.0008
19 0.0003
20 0.0001



conceivable that a value of 10- 7 to 10-9 cm2/sec is real . Since the diffusiv-

ity a~pears in the denominator of the Biot mass transfer number, all the val-

ues presented in Table 4-4 could increase accordingly. Also there are no data

available to determine the real value of the equilibrium constant, g, and it

is not readily known how close to reality the calculated values are.

4.2.2 Material Transport Under Diffusion-Controlled Evaporation

The previous discussion presents information on the criterion for the

assumption of a well-stirred oil phase for modeling the evaporation oil-

weathering process. It was pointed out that many assumptions were required to

perform the calculation of the Biot mass transfer number and these assumptions

definitely require refinement. However, whether or not the evaporation pro-

cess is diffusion-controlled it must be recognized that experimentally the

well-stirred oil phase model, which is a decaying exponential, appears to fit

the observed data quite well. Therefore, it is worthwhile to examine the

mathematics of a diffusion controlled slab from which components are evaporat-
ing and compare the observable variable with a first order decay law. The

observable variable is the concentration of the component of interest in the

air stream, or the bulk average concentration in the fluid, as a function of

time.

The numerical ex~eriment  performed here was that of calculating the

theoretical air phase concentration of a component evaporating from a

diffusion-controlled slab, and then fitting by least squares a decaying ex-

ponential to the “data”.

The concentration profiles in a diffusion controlled slab from which

a component of interest is evaporating are (CARSLAW and JAEGER, 1959):
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where Co is the initial concentration throughout and 9 is the dimensionless

time: @t/ i2. The evaporation rate, and hence the concentration of the com-

ponent of interest in an air stream above the surface, is the derivative of

the above expression evaluated at the evaporating surface. The derivative

need not be multiplied by the area and diffusivity since these quantities only

“scale” the calculated concentration, and thus the calculated concentration in

the air stream is in arbitrary units.

The results of this numerical ex~eriment are presented in Figures

4-4 through 4-6. In each of the figures the fitting curve, which is

A*expC-k~~,  has four symbols marking it, and the theoretical curve is the one

with no symbols running from a dimensionless time of 0.1 to 1.5. In Figure

4-4 the fitted curve covers one e-folding time; i.e., the time required for

the theoretical curve to decrease by l/e = 0.367, beginning at f3= 0.1. In
Figures 4-5 and 4-6 the fitted curves cover two and three e-folding times,

respectively.

The result of this numerical experiment is that the fitted A*exp[-ke]

curves cannot be distinguished in a laboratory experiment from the theoretical

curve. In

fitting the

data is not

lingo

other words, performing a laboratory experiment on evaporation,

data to A*expC-k91, and obtaining an apparently good fit of the

sufficient to draw a conclusion about which mechanism is control-

The results of this numerical experiment can be used to obtain a

single exponential expression to predict the decay of the air-phase concentra-

tion above a diffusion-controlled slab in the following way. Note that over

the range of dimensionless time from 0.1 to 1.5 the “k” in the exponential fit

is about -2.5. Thus, exp[-kt~ where k = 2.5$?Z~12, and t is time in seconds,

provides a good fit to the data over the range of the independent variable

examined.
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These discussions have presented criteria to determine if an evapo-

rating oil slick should be modeled as a well-stirred or stagnant phase. The

method for that determination has been based on the Biot mass-transfer number

in much the same way the presence of Iaminar flow is based on the Reynolds

number. However, the data required to calculate the Biot mass-transfer number

are not readily available, and estimates of these data must be made.

The primary reason for wanting to know if the oil phase is well-

stirred or stagnant is that each of these states require different data and

equations for model development. If an oil slick is diffusion-controlled,

wind speed will not affect the average, time-dependent composition of the

diffusing component in the oil mass. On the other hand, if the oil ~hase is

well-stirred the wind speed will have an affect on the average composition of

the oil.

Even though an oil phase. tan be diffusion controlled, it has been

demonstrated that a decaying exponential will fit the air phase concentration

data quite well. Thus, if an experiment is conducted to determine if evapora-

tion from an oil slick is occurring from a well-stirred phase, it is necessary

to obtain a good fit to the data but not sufficient to distinguish a well-

stirred from a diffusion-controlled phase.

4.3 Component-Specific Evaporation from a Finite Oil Slick

The component-specific approach to model the evaporation process

cannot predict the total mass of oil remaining in a slick. This approach can

,yield component-specific concentrations in the oil as a function of time when

coupled to a pseudo-component overall material balance. For each specific

component the rate of loss of component i from the slick takes the same form

as a pre-defined pseudo-component:
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dCi

—= -KAHiCidt for i = 1 , 2 , . . . . . . . . . (4.35)

where Ci is the concentration of component i in the oil, Hi is the Henry’s law

coefficient for the i-th component, and K and A are the same as those used in

the pseudo-component equations. There is no “closure” on the total mass of

oil remaining in the slick when the above equation is used because the index i

does not include all species. Therefore, the closure of the material balance

can be handled in any of three ways:

slick is

where gi

from t$e

1) ignore the decreasing slick mass and integrate equation (4.35)
directly;

2) decrease the slick mass for those compounds for which a differ-
ential equation is written;

3) use the pseudo-component material balance to calculate a total
slick mass and use th”is information in the differential equation.

Using the last approach, the rate of loss of component i from the

written the same as before but now with the concentration Ci as:

C i 

= gi/MT (4.36)

is the mass of i and MT is the total mass of oil. MT is calculated

pseudo-component differential equations.

This approach to component-specific evaporation modeling will predict

an increase in concentration with respect to time for those compounds with

very low or essentially zero vapor pressures. While approach 2) above would
also do the same, the error in predicting the total mass of oil remaining in

the slick is not known, and it is believed the pseudo-component prediction
will yield the best results when coupled to the comDonent-specific  model.
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4.4 Component-Specific Evaporation from a Semi-Infinite Oil Slick

The foregoing discussion on evaporation of components, from an oil

slick does not take into account the fact that the partial pressure in the air

of all the components being transported from the oil through evaporation will

not necessarily be zero. For example, when the Henry’s law coefficient of a

compound is very low, it takes only a very small amount of it to saturate the

air, which is the case with a very volatile compound such as naphthalene.
Also, since the air above an oil slick is not of infinite “volume” due to

finite turbulent diffusivities  which form transport boundaries, it is neces-

sary to cons!der the effects of these conditions on component-specific trans-

port.

Consider an oil slick beinq continuously emitted from a point source

onto the ocean surface as shown in Figure 4-7. This slick is referred to as

the semi-infinite slick. By writing differential material balances for both

the oil and air phases the following set of equations describes the evapora-

tion of component i:

Ca(X)=Cl  at,  Z=a

Ca(Z)=O  a t  x = O

(4.37)

(4.38)

(4.39)

(4.40)

98



k?’ drifting oil. )
Y

FIGURE 4-7. CONTINUOUS OIL SLICI( WITH ORIGIN AT X = 0; SURFACE IS IN
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.

(4.41)

CH =HCi at X=o (4.42)

where C is the concentration of the species of interest with the subscipt “a”

denotinq the air, Ii denoting the oil, i denotes the X = O concentration, Ua is

the mean wind speed, ~z is the turbulent diffusivity in the air, H is the
Henry’s law coefficient, U. is the oil velocity, 6 is the slick thickness, and

K. is the over-all mass-transfer coefficient. This derivation essentially
follows that of SUTTON (1943) in which the evaporation of water from lakes was

studied. A modification of Sutton’s derivation was made here where the over-

all mass-transfer coefficient was-introduced so that the results of other

researchers can be utilized. The width of the slick does not appear in the

above equations as a result of the assumption that the slick width is con-

stant. This assumption will generally be valid only in the case where the oil

is emitted to the surface slowly.

Equations (4.37) throuqh (4.42) can be solved by Laplace transforms.

The quantity of interest is the concentration of a specific component in the

oil, and the solution is:

whpr~a and~ are the roots of:

(4.44)
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K*
ii=—

q+

and

and

(4.45)

(4.46)

(4.47)

This model for a semi -?nfthite oil slt&<f#~~>’ifiot  predict an increase?, @
in concentration with respect to time for the le~j,f ‘F~’latile compounds in the

oil phase due to the fact that an over-all mat&F$~$’”b&lance  is not considered

here as it is in the pseudo-component model. ~~$!r, the above model will
predict what combinations of parameters are irnwt$&~ fn invoking the zero air

.%>.*W .;
phase concentration assumption. Equatfons 4.43 t@F@& 4.47 show that the oil-.. . ... ,’.’ ,\
phase concentration can be adequately predicted %j@’’’a!lstilwlng a zero air-phase

~artial pressure for small distances from the oil,+ rq~ease point. However, for; *,,
large distances from the oil release point, th& &$j& e{r-phase  partjal-preS-

&j2,#*~, ,: ,+

sure assumption is not always adequate to predlcktt ia’oi l-phase concentrations

and the above equations must be used. . .



Figures 4-8 and 4-9 present the calculations of the relative concen-

tration of a specific compound in a semi-infinite oil slick for the parameters
indicated in the figure legends. Also presented in these figures is the oil

concentration when a zero partial pressure for this species is assumed to

exist in the air phase. For the case of a 10 knot wind, the error introduced

in assuming a zero partial pressure is approximately a factor of 10 at a down-

wind distance of one kilometer. This error rapidly increases with distance

and thus shows that the zero-partial-pressure assumption should not be used,

but. that equations 4.43 through 4.47 must be used to predict the oil-phase

concentration as a function of downwind distance for the parameters specified.
The case of a 40 knot wind is presented in Figure 4-8 and shows that the error

at one kilometer is essentially zero and does not become significant until 5

kilometers. This result is expected because a strong wind lowers the partial

pressure above the slick. For less than a 10 knot wind the error in assuming

a zero partial pressure will be quite large. These results are being used to

determine when the zero partial-pressure assumption can (or can not) be in-

volved.

4.5 Component-Specific Dissolution from a Semi-Infinite Oil Slick

The dissolution of specific com~onents  from an oil slick into the

water column is described mathematically in much the same way as evaporation.

However, dissolution accounts for only a small reduction of the slick mass

compared to evaporation. The pertinent physical property required to describe

dissolution is the liquid-liquid partition coefficient which is the analogy of
Henry’s law for evaporation.

Unfortunately there is no characterization process for dissolution

that can he applied to the bulk oil in the same manner that distillation is

used to characterize the oil with respect to evac)oration. There have been two

attempts to

ity, one by

tive staqe,

classify the oil into pseudo-components with respect to solubil-

YRNG and WANG (1977), but was not carried through to the quantita-

and another due to MACKAY (1980) where only two major “cuts” were
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recognized. Since dissolution apparently accounts for a relatively smal”

loss from the slick, an independent component-specific approach to disso”

is being utilized in our model.

mass

ution

Required physical property data required are liquid-liquid partition

coefficients, referred to in the content of our work as m-values. It must be

emphasized that pure component volubility data alone are not useful in ob-

taining m-values, because these types of data only yield information about the

chemical potential of the species in the aqueous phase. What is needed along

with pure component volubility data is the chemical potential of the species
in the oil phase. Henry’s law data coupled with volubility and vapor pressure

data will Rrovide a computed m-value throuqh calculation, whi?e liquid-liquid
equilibrium experiments measure the m-value directly.

The dissolution oil weathering process is used to calculate species

concentrations in the water column= .not to account for the mass balance of the

oil slick itself. The appropriate equations for a well-stirred slick with the

coordinate reference shown in Figure 4-10 are:

acw a2cw

x =Bw—
ax2

Cw(x)=O a t  t=()

dCw

K =0  a t  x=k, t>O

dCm ~w dCw
——~=madx a t  x= O,t>O

(4.48)

(4.49)

(4.50)

(4.51)
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FIGURE 4-1!3. ILLUSTRATION OF COORDINATE FRAME FOR DISSOLUTION OF HYDRO-
CARBONS INTO WATER COLUMN.
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dCm K.

r= - ~ [cm -$J at x=O (4.52)

cm=C~ at t=o

where Cw is the concentration of the species of interest in the water column,

Cm is the concentration of the species of interest in the oil divided by the

partition coefficient m, m is defined as the concentration in the oil divided

by the concentration in the water at equilibrium, ~Wis the turbulent diffusiv-

ity in the water column, b is the slick thickness, K. is the over-all mass-

transfer coefficient, and C: is the initial Cm concentration in the oil.

The types of compounds to which the above problem solution will be
applied are presented in Table 4-5 (MACKAY and SHIU, 1977). These compounds

represent the polynuclear aromatic. -hydrocarbons which are likely to have the

significant environmental toxic effects. The solutions represented by the

above equations apply only strictly for the case where there is no evapora-
tion. This condition is approximated when there is a crust on the oil or the

dissolution rate is much greater than the evaporation rate. Likewise, the

solution to the corresponding evaporation problem applies only strictly for

the case where there is no dissolution, which is approximated when the evapo-
ration rate is much greater than the dissolution rate. When evaporation and

dissolution are both important, a “three-slab” problem results; however, this

Particular condition would be unlikely in a mathematical sense.

4.6 Comprehensive Aspects of Model Development

The previous discussions on model development did not include water-

in-oil dispersions or microbial processes. The current plan for bringing

these oil-weathering processes into the model is to incorporate the direction

provided by MACKAY (1980) for the dispersion and mousse formation processes

and the findings of the current microbial work as it becomes available.
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.—TABLE 4-5. COMPOUNDS OF IMPORTANCE IN AQUATIC ENVIRONMENT (MACKEY
&SHIU, 1977).

Indan. C&.
Naphthalene.C1,-J+.

l-Meu-@aphttdeme.  CIIHIO
2-h#efiYhe~tilene. CItHIO
1.3-Dimethylnaph*  lene, C1J+12
1.4-Oime!hyktaphttdene,  C#Iz
1.5-Dime!hylnaphtl-dene.  Cl#la
2.=meLhylnaphKfdene.  C #1 Ia
2.6-13imemylmp!l!halene,  c ,2H12
I<thyinaphthalene,  C:#f12
1.4.5-TrhethylnaphO@  ene. c13H14
Bip&nyi,  CIA*O
Acenaphthlene,  Cl&l,0
Flwene. C13H10
Phenan!)’m?na.  C,J%O
ILnihracene. C14H,Q
2-hne*Jan5’uacene, C,3H,2
S-Me?hylanttwxene. CtSH12
9, l&fhw&@an&trasene.  Cl#w
Pyrene. c,aH,4
Fluoranthene.  Cl&lo
1.2-Benzoflwrene,  C#lto
2,3-Benzofluwene,  C17HIo

Chfysene C,4H12

Trip~,ylene,  Cl&lz
Naphtbcene.  C ,8H12

1.2-SsnzaVhracene,  Ct&!t*
7,1 2-Difnwhyl-l  .2-benzanthracene.
C&,&

Pefykne, ~lz
3.4-9enzcp~ene.  &Hlz
3-hfethyiddanUawme. C2 IH,6
Banzo[g.h.i]parylerfu.  C&,z
Coronene. C2fi,a

Solubildies

ExpIl
x-. mole
fraction

In@ X1O*
b

109.1 * 1.02
31.7 + 0.26

28.5 * 0.3
25.4 * 0.2
8.0 A 0.5

1?.4 & 0.1
3.36 * 0.04
3.0 * 0.01
2.0 * 0.02

70.7 & 0.3
2.1 & 0.1
7.0 + 0.06

3.93 * 0.014
1.98 k 0.04
1.29 + 0.07

0.073 + 0.005
0.039 * 0.004
0.261 * 0.002
0.056 * 0.0GQ5
0.135 + 0.005
0.26 ● 0.002

0.045 + 0.0012
0.0020 * o.ooOo3
0.0020 ● 0.00017

0.043 ● 0.00013
0.00057 * 0.00003

0.014 + 0.0002
0.061 & 0.0006

0.0004 + 000002
0.0038 * 0.00031
0.0028 i 0.000021
0.000264 0.00W$
0.00014 ● 0.00002

16650
4460

3550
3220
920
9310
377
347
233
1240
215
815
459
214
130

7.57
3.6?

24.4
4.80

12.0
22.8
3.75
0.956
0.158

3.39
0.037
1.10
4.26

0.0283
0.273
0.192
0.0173.
0.00856
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The logic involved in performing a calculation utilizing both pseudo-

com~onent and specific-component models is shown in Figure 4-11. The most

important mass balance calculation is the Dseudo-component evaporation process

from which the slick mass and Viscosity are obtained. Dissolution is not

assumed to significantly affect. slick mass. In parallel to the pseudo-

component evaporation process, the component-specific evaporation and dissolu-
tion processes are calculated. These calculations proceed initially assuming

a well-stirred slick state and continue until the viscosity reaches some pre-

specified value at which the slick becomes rigid. At this point

equation is used to calculate component specific concentrations
the previous discussion of the Biot mass-transfer number.

the diffusion

according to

4.6.1 Measurement of Henry’s Law Coefficient

The need for specific thermodynamic information to describe inter-

phase mass transport was presented in the discussions of component-specific
evaporation and dissolution. The vapor-liquid equilibrium data required are

called Henry’s law coefficients (H). The Henry’s law coefficient pertains to

that portion of the phase equilibrium diagram where the ratio of phase concen-

trations is constant, which is the case when the concentration of the species

of interest in one phase is small (e.g., oxygen in water).

Henry’s law coefficients appear in the flux expressions and the over-

all mass-transfer coefficients which describe interphase mass transfer. The

reason for the appearance of H in the flux expression is that a concentration

difference between two phases is not sufficient information to identify in

which direction mass will transfer. If the system is not at equilibrium, mass

will transfer in the direction toward equilibrium. The information required

to determine which way mass will transfer is the chemical Potential of the

s~ecies in each ohase because the chemical potential is the potential for mass

transfer. The Henry’s law coefficient provides the method to map the concen-

tration in one phase to the same chemical potential basis as the other phase.

By using H, the correct driving force can be written for mass transfer.
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+-lSTART

\l/
define initial conditions

and type of slick
I

input pseudocomponent input component specific

[
physical properties I I

physical properties
I I

d/
calculate mass of slick \ mass calculate concentrations in

with well-stirred slick state ‘ remaining + air, oil, water 1
I

calculate concentrations according
to diffusion equatims and

Biot number

hEND

FIGURE 4-11. LOGIC FOR USING pSEUDfJCOMOpNENT  AND SpEf’IFIC COMpONENT MODELS
IN OIL WEATHERING.
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The over-all mass-transfer coefficient also utilizes H in a manner

that takes into account the relative volubility of the species of interest in

each phase. There is virtually no way to determine the relative mass transfer

resistances without H (TREYEAL, 1955; LISS, 1974).

The technique originally described by MCAULIFFE (1966) to measure

Henry’s law coefficients using gas chromatography involves multiple equilibra-

tions of equal volumes of aqueous and gaseous phases. A large glass syringe

with a Luer-Lok fitting is filled 1:1 with liquid and clean nitrogen or air.
The syringe is then capped off and agitated vigorously to create an equilib-

rium between phases. Most of the gas is then flowed through a gas sample loop

which is an inteqral part of the analytical system (a gas chromatoqraph).  At

some point in this flow, a valve is turned and the gas in the loop (typically

0.1 to 10 ml) is introduced into the qas chromatography. The rest of the gas

is discharged from the syringe and fresh gas in introduced. The process is

repeated a number of times.

The mathematical description of this procedure using equal volumes

was given by McAullife  and yields:

log Gn=an+b (4*54)

a = -log (t-l + 1) (4.55)

b = log HXO (4.56)

where Gn is the amount of the compound of interest in the gas during the n-th

equilibration, H is Henry’s law coefficient, and X. is the original amount of

the compound in the system. Equation (4.54) shows that a plot of the log of
compound concentration (or GC peak height) vs equibration number n gives a

straight line. The negative slope of this line gives the log of (H + 1).
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In measurements of Henry’s law coefficients for petroleum components,

it is not necessarily convenient to use equal volumes of liquid and gaseous
phases. Some compounds have large distribution coefficients and some have

relatively small values. Also, when the fresh oil/air system is measured, it

has been found to not be desirable to deal with 25 ml of oil in the partition-

ing syringe. Therefore, a re-derivation  of equations (4.54) through (4.56)

for unequal volumes of gas/liquid has been done. Considering a measurement

system with unequal liquid and gas volumes, VI and Vg, respectively, Gi can be

defined as the amount of a distributing component in the gas phase during the

i-th equilibration. Similarly, Li is the amount in the liquid phase during

the i-th equilibration. The total amount of the substance is:

xi =Gi+Li

and the Henry’s law coefficient becomes:

H = concentration in gas
concentration in liquid

r can be defined as:

‘Lr =—v
9

GiVl
=  VgLi

and as a result the gas phase amount, Gi$ can be re-expressed:

rG. Hx. - rG.
Gi=Xi-Li= Xi-~= lH ~

(4.57)

(4.58)

(4.59)

(4.60)
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HGi = HX i “ rGi

ttxi
Gi=—r+tl

(H/r)xi
G i = 1 + H/r

Similarly, the liquid phase amount, Li, can be written:

(4.61)

(4.62)

(4.63)

(4.64)

The fractional amounts the component in the qas and liquid phases, f
~

and fL, respectively, can be expressed as:

G. (H/r)xi
f’~=

Ii/r
!3j Xj(l + H/r) ‘~

Li x. 1
—=

‘L = Xi Xi(l ; H/r )= T=7T

(4.65)

(4.66)

For subsequent equilibrations (i.e., i+l, i+2 . . . . i+n), equation

(4.63) can be generalized to:

G. (H/r)

[
Ii/r

1+1= 1 + H/r ‘i ‘-xi 1 (4.67)
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or redefining the subscripts finally yields:

(H/r)xo
Gm =

(H/r + I)m

(4.68)

Gm can be experimentally  obtained  as component-specific gas chromatographic

data, and if equation (4.68) is rearranged to logarithmic form it takes on a

linear form (y = mx + b) - a plot of log Gm vs (m) has a slope equal to

-log(H/r + 1). Only one phase of the system needs to be sampled, any ratio of

volumes can be used, many compounds can be measured at one time, and standards

do not have to be run since only relative amounts are used in the calculations.

Henry’s law coefficients have been measured in this study using equa-
tion (4.6?3). A 50 ml glass Hamilton gas-tight syringe with a Luer fitting is

used along with a sample loop (of. varying sizes) installed into a six-port
Valco valve which allows the 100p gas to be initially purged to the atmosphere

Drier to introduction into the carrier gas of the gas chromatography. The

valve is enclosed in an insulated enclosure, heated, and temperature con-

trolled. The gas is delivered to the valve by l/16-inch tubing. In order to

avoid inconsistencies and pressure differences which could effect equilibrium,

the syrinqe is discharged with a Sage Instruments Syringe infusion pump set at

a very slow rate. A Hewlett-Packard 5731A gas chromatography with a flame

ionization detector and 3385A Automatic Integration System has been employed.

A 6-ft glass column packed with 1% SP-1OOO on Carbopak B 60/80

beinq used, and plans for future studies incorporate the use of

capillary column using SE-54 or SE-30 as the liquid phase.

In order to verify the ability of this experimental
number of measurements have been made on hydrocarbons dissolved

water. The extent of “known” Henry’s law data is very limited,

is currently

a 30-m glass

technique, a

in distilled

however a few

literature values (MACKAY, 1975) have been found for comparison. Typically,

the compound of interest is equilibrated with distilled water in a separator
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funnel for a number of hours. Then the water Can be taken from the funnel

stopcock directly into the syrinqe. Fiqure 4-12 presents a plot of resultant

data for benzene and Table 4-6 presents some of the data obtained so far in

this proqram which can be compared to previously measured values.

The technique is reproducible, with a scatter in the data of about 10

to 20 percent. All of the Henry’s law values are in approximate agreement

wtth the literature values except for iso-octane. This has not been ex-

plained, but it is suspected that the previously cited value is incorrect.

Currently, Henry’s law measurements on the oil-air system are being

completed. This is requiring the use of a
analytical resolution. The combination of the

obtain Henry’s law coefficients for all of the

reasonable extent to the gaseous phase.

capillary column for enhanced

two columns will enable us to

compounds that r)artition to a

In order to get H values for compounds that have very low partial

pressures in oil, a slightly different approach is being taken. Instead of

sampling the qas, the liquid (oil) is sampled after every 5 or 10 equilibra-

tions. The partitioning theory presented for water is applicable, however the
measurement technique is the same except that the liquid sample involves the

oil beinq dissolved in an appropriate amount of solvent (CS2) and analYzed
directly.

4.5.2 Diffusion Coefficients for Volatile Components Through Oil

To fully develop a model for oil weathering it is necessary to have

diffusion coefficients for a variety of components in oil. Two problems pose

obstacles to straight-forward application of the diffusion equations to de-

scribe the migration of components within an oil mass. First, the oil is

usually in the form of a continually spreading slick and the continually

altering thickness of the slick is a complicating factor. In addition, as

lighter components are lost from the surface of the slick and skins begin tO
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TABLE 4-5. HENRY’S LAW RESULTS.

v f** *
Compound Ratio ~ r H(atm m3/mole) H(literature) It#it.) .x 100—————————— ..-— . . ._ ___ . __ ——— . . . . . .
Benzene
Benzene
Benzene
Benzene
Benzene
Benzene

Toluene
Toluene

lso-octane
lso-octane

n- Hexane
n- Hexane

+ ***
w Benzene/ Toluene
4

25/25
14/36
25/25
25f25
14/36
14/36

25/25
21/19

31/19
31/19

31/19
36/14

26/24

-.9980
-.9997
-.9998
-. 999B
-. 999B
-.9999

-.9999
-. 9B90

-.990
-.997

---
---

*
correlation coefficient

**
V!Z = volume of liquid, Vg = volume of qas

-. 9985/-. 9948

5.5 x 10-3 5.5 x 10-3

4.3 x 10-3

5.0 x 10-3

5.0 x 10-3

4.9 x 10-3

4.8 x 10-3

5.3 x 10-3 6.68 x 10-3

5.6 X 10-3

NO. 18 3.04
0.098

0.87 1.20
1.04, 1.20

5.04 x 10-3/5.07 x 10-3 5.5 x 10-3/6.68 x 10-3

100
78
98
91
90
87

79
84

5.9
3.2

72.5
87.1

91/76

***
combined Benzene/Tel uene



form, the impact orI transfer of components across that interface is major. It

is important, therefore, to be able to account for changing slick thickness

and for slick skin permeability.

This section treats these points, beginning with multicomponent diffu-

sion and commenting on the problems of developing a model that accounts for

slick thinning. As an outgrowth of this, an approach is explained for treat-

ing laboratory experimental data in a way that will yield diffusion coeffi-

cients free from the effect of thinning. Problems associated with modeling

skin formation are discussed, and an approach is presented.

4.6.2.1 Diffusion Through a Thinning Slick

This case can be thought of in terms of one-dimensional diffusion

through a plane slab of thickness b. Assuming an impenetrable barrier at the

plane boundary (.Y = 0). Also, at y-= b, it is assumed that the ambient medium

is sufficiently stirred. that all volatiles are at zero concentration in that

plane.

y.b
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If b = b. = constant, and if diffusivity Qd is also constant, the

(molar) concentration of any species is given by:

w

c .fJ x (-l)n
Co “n=o’m) ‘Xp -*] Cos [*-

0
(4.69)

where Co is the (assumed uni form) concentration at t = o. After some interval

of time, t, the amount of the volatile st)ecies remaining in the slab is:

\

b

z
8 Cob m

cdy = — 1

[( 1

exp - 2n + 1 )zm~t

o T2  n= O(2n+l)2 4b2

and the mass loss up to time t is:

fwobo[l-f(C/Co)Wbj

(4.70)

(4.71)

where M = molecular weiqht and @ : b/be.

If an assumption is made that the volumes of all components are addic-

tive, then the mass loss may be related to slab thickness as follows:

pL(bo - b) = ~“ico~o[J-~(C/Co)idy/bo]
(4.72)

where p ~ is the mass density of the slab, and the summation is over all vola-

tile speci es,.
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If one makes a “quasi-steady state” assumption, stipulating that

equation (4.70) is valid even for b varying with time, then an algebraic equa-
tion for b(t) is obtained:

1 z‘$= mi
i

or

1- q~l
[
-(2n + l)2T2~it

exp
Tr n=O (2n+l)2 4b2

(4.73)

1 ‘[ -~~1 [
-(2n + l)2m2 -r.

‘0= mil 2 exp
1

1

(4.74)

i IT n= O(2n+l)2 4+2

where

Mi Coi
@ = b/be, Ti ‘~it/bo23  m. =—1 ~L (4.75)

One would expect this quasi-steady state assumption to be reasonably accurate

for short time (~= 1).

In Rrinciple

coefficients gi from

would be impractical,

required. Since the

one c~uld use equation (4.74) to calculate diffusion

observations of O(T). For a multicomponent  system this

since a multivariable fit of data on 6(T) would be

accuracy of equation (4.74) for large time periods is

questionable, and since one would have to go to large time in order to have

reasonable precision in data for $(T), the use of equation (4.74) for deter-

mination of ~i is not suggested for multicomponent  systems.

Havinq completed this analysis, it was concluded that the proper

alternative approach should be to determine diffusion coefficients by monitor-

ing the role of release of each species from the slab, at short time intervals
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(4= 1). This is done by measuring the appearance of each species in an inert

stream that sweeps across the slab. If a sweep stream, initially free of

every diffusing speciesy is provided at a flowrate q. (volume/time), then the

concentration of each species

pressure isothermal conditions

the sweep gas, then the rate of

n that stream may be found, assuming constant
in the sweep stream. If pG is the density of

flow of gas into the system is PG Cio.

The mass rate of flow of diffusants into the system is ~AMiNi, where
A is the exposed area of the slab and Ni is the molar flux of .SPecies i from

the slab. The mass fraction of species i in the exit stream is:

AMiNi
x. =

1
l@. +

z AMiNi

It is anticipated that ~AMiNi <( pGqo, therefore:

AMiNi

x.=—1 ?@.

(4.76)

(4.77)

Hence, from a measurement of each X., ~ach Ni is found, to then be correlated

to individual component diffusivities’  G.3.

To avoid problems with the reduction in slab thickness, an expression

for !li that is accurate over small time interval is derived from the Leveque

solution:

(4.78)

Thus , xi(t) should be measured to determine Ni(t), and from the slope of a

plot Of N< VS t -1/2 , LYcan be found.
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4.6.2.2 Rate of Slick Thinning

Although we have avoided treating the reduction in slab thickness as

a variable in measuring diffusion coefficients, it is important to get some
idea of the rate of thinning. From equation (4.74) for a single diffusing
species, we must solve for d:

Q
1 - m=

8m12
z

1 -(2n + l)2Tf2T-—

~ ~=0 (2n+l)2
exp

4$2 1 (4.79)

Again for short time intervals, it is convenient to use the Leveque
solution for N, and find @ from:

(4.80)

Another approach to this problem is to apply the perturbation solu-

tion as described by DUDA and VRENTAS (1969). Since only the first few terms
are used, the available solution is restricted to small values of M. A com-
parison of solutions is:

1.0
● c1

438 1
A

00
a o

0 . 5 - 4 ~e
m = 0.5

d) ‘e
@- @Duds & Vrentas

- Equation 4.80
:- Equation 4.79

0.1 I
0.01 5.1 1.0

T
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Equation (4.80) is expected to be valid only for small T. Equation

(4.79) shows (correctly) that + approaches a value of l-m at long T. Also,

the Duda and Vrentas solution is inaccurate over its mid-range, where it pre-

dicts that 6 falls below += 0.5. It does correctly give += 0.5 as T exceeds

3. The Duda and Vrentas solution is probably accurate at small T. The value

o f m = 0.5 examined here (m = -Nb in their notation) is a little large for

their perturbation solution.

It is interesting to examine the fractional loss of a species from

the slab, as a function of time. We expect that slab thinning will increase

the rate of loss, but we do not know the degree of this increase. If the

thickness remained uniform, the fraction of each species remaining would be

found from:

or, for short times:

1/
f2T2=—

G

(4.81)

(4.82)

The figure following shows f calculated using the above equations as
well as f using the Duda and Vrentas solution. As expected, taking account of

slab thinninq  leads to more rapid loss of diffusible species.
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f

0.1

1.0

.

Even though the Iluda and Vrentas solution is suspect in its mid-range for such

large values of m, it is still useful to observe the effect of slab thinning

on the half-time for release of a volatile component. For a slab of uniform

thickness, the half-time is found to be ‘1/2
= 0.2. For m = 0.25 we find

T 1/2 = 0.15, and for m = 0.5, the value is reduced to ‘1/2 = 0.1.
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4*6*3 The Role of Internal Circulation in the Weathering of a Thin Oil Slick

When a slick of oil floats upon a rough sea, its motion is determined

by the local wind and wave action. These external forces could be strong

enough to produce motion within the slick. Previous

have focussed on mass transfer by diffusion within the

tion across the slick/water and slick/air interfaces.

tempted to produce a model

motion, and the degree to

ponents to the environment.

The simplest model

ized oil slick. The slick

that allows an estimate of

which that motion enhances

analyses of weathering

slick, and on convec-

Our efforts have at-

the extent of internal

mass transfer of com-

is derived from Figure 4-13 which shows an ideal-

is taken to be a slab of uniform thickness, H, and

length, L, in the wind direction and we assume L>>H. Further, the width
normal to the wind direction, W, also is assumed to satisfy 14>>H. The wind

generates a shear stress T on the upper surface, which produces a velocity, V,

in the wind direction, along the plane of the slick/air interface. We assume

that the slick is stationary with respect to the water, or equivalently that V

is measured relative to the mean velocity of the slick with respect to the

water. Thus the physical model is as shown in Figure 4-14.

We are interested in the velocity profile v(y), and in then examining
the effect of velocity on mass transfer at the slick/air interface. The veloc-

ity profile, under the approximations, satisfies:

(4.83)
v = v at Y =H

v = 0 at Y=o
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FIGURE 4-13. OIL SLICK ON THE SEA.
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FIGURE 4-14. CIRCULATION bJITHIN THE SLICK
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and is found to be:

(4.84)

We have assumed that ~p/&c is independent of y, equivalent to the

assumption that the velocity is everywhere parallel to the planes (i.e., at

bothy = Oandy = H). Of course this would no~ be true near the edges of the

slick, where the flow reverses and returns across the lower region of the

slick. We envision the flow induced in the slick by the wind to be like the

motion of a tractor tread.

by invoking the assumption

The gradient ap/3xis not known, but may be found

that there is no net flow of oil in the x-direction:

H

1 vdy = O

0 -

ll~on imposing this constraint we find:

~= x
~2

and the velocity

Next we examine

plane y = H.

situation, where

tion to the pure

field is given as:

(4.85)

(4.86)

(4.87)

the effect of this

The basic case for

there is no motion

diffusion problem we find:

velocity field on mass transfer across the

comparison is the pure diffusion control

within the slab. From the classical solu-
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(4.88)

where S@ is the diffusion coefficient of some s~ecies through the oil, and

C/C. is the fraction of the diffusible species remaining after time t. We may

regard the term:

to be a diffusion “time scale”.

(4.89)

We can now impose a shear stress exerted by the wind which can set

the slick liquid into circulation.. Circulation aids diffusion by bringing

reqions of high concentration in the diffusible species into closer contact

with the interface. In a sense this reduces the diffusion distance and should

speed UD the rate of removal by diffusion. We have investigated the magnitude

of this enhanced removal, and how it might be correlated with slick and wind

Parameters.

A model can be formed along  the physical bounds shown in Figure 4-15.

Wear the region y = H, we assume a classic Leveque-type diffusion problem.

The circulating flow is mixed in the lower Dart of the slick and becomes the

feed for the Leveque flow. Schematically, we separate the upper and lower

regions into a diffusion reqion and a mixinq region, connected by the circu-

lating flow q. The magnitude of the circulating flow can be gotten from:

H

q/w =
[

4HT7 .  H2TVdy =
7 ~

(4.90)

128



y.H

y=o

Diffusion into the Air
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FIGURE 4-15. A MODEL FOR DIFFUSION WITH CIRCULATION
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where V is the unit width in the z-direction. Along the slick/air interface

the velocity is related to the shear stress T by:

An average velocity of circulation as may be defined as:

The Leveque solution gives:

2/3
‘ 2

( )

1/3 9SL
—  =  1 - 0 .  1 8 6 ( 3 )  y
% VB”

(4.91)

(4.92)

(4.93)

.

where C, and C2 are defined as in Figure 4-15, 13 = $H and V = H-/9P ; more

simply:

Cz q3

( )
= 1.21.7+

c 1 TH (4.94)

For a sirn~le stirred tank of volume V, a material balance can be stated as:

U ()~ = ‘h-cl)= -“”’ f% ’’”cz (4.95)
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and the solution for C2 is ex~ressed:

‘2

( )
—=exp - tltc
C2 *

(4.96)

Thus we find, using Equations (4.90) and (4.95), that an a~propriate  time

scale for circulation-enhanced loss is:

(4.97)

Of particular interest is the ratio tO/tc, which provides a measure
of enhanced removal associated with circulation. W find:

If we qo back to Equation (4.91), we may write E as:

Even thouqb we do not know V (it is related to t$e
is a USPfLtl form because it has the a~pearance of a

(4.98)

(4*(29)

unknown T) equation (4.99)

Peclet number:

(4.100)
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E= 0. 79(~e/A)
1/3

where

vi des

(4.101)

the asoect ratio A = L/H aopears.

~dhile this model has several assumptions and uncertainties, it pro-

the opportunity to assess the role of certain Dh.Ysjcal events that Occur
during the weatberinq  process:

Slick SQreadina

As H decreases and L increases, we see that E decreases. Thus, as

sDrf?ading occurs, diffusion control dominates any effects of internal
circulation.

Viscosity incr~ase throuah loss of volatiles

Since a rouqh approximation for diffusion coefficients of volatiles

in a viscous liquid suqgests that Q3z l/P , we exDect that the Peclet

number will remain constant at fixed H. Thus the aging of the slick

oer se does not chanqe the balance between diffusion and convection

as the dominant mode of volatiles loss.

In order to assess the importance of interns? circulation, in the

context of this model, we must estimate the maqnitude of E. This requires

data from which the shear stress at the sea surface may be estimated. How-

tyDical values of V, -7euer, H, andg@ (e.q., V = 10 cm/s, H = 2 cm, $3 = 10

Cm2/s) and aspect ratio (L/H = 200) qive an estimate for E of about 102, repre-

senting a significant enhancement ~n the rate of loss of volatiles. This

circulation model assumes that the slick may

b u t  that its motion is laminar. Another type

Sible, driven by wave action which is shown in
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of internal circulation is pOS.

Figure 4-16.



FIGURE 4-16. WAVE ACTION AS A MEAN9 OF PERIODIC MIXING ON A
LOCAL SCALE.
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A localized area within a large slick may alternately be thinned and

t+ickened as the surface of the sea undergoes wav~ motion. Me might regard

this as a complete mixing orocess at that local level, and a model which

accounts for this phenomenon might be taken along the followinq lines:

o diffusion occurs from a uniform slab;

o the slab is instantaneously mixed periodically;

o diffusion occurs during intervals between mixing.

This is a relatively simple model to assess. Def;ne tM as the time interval

between mixes (We expect that tM is related to the temporal periodicity of the

w a v e s ) . If the slick has a mean concentration, Co, of some species at time

t = 0, then after an interval, tM, the slick will be mixed and its mean con-

centration will be:

(4.102)

= CO(l - 1?)

The slick will then continue to lose volatiles by diffusion, as before, except

that the initial mean concentration is now Cl. In qeneral, we would find,

after n “mixes”:

Cn = Cn-l(l “ l?)
(46103).

arid the solution of this difference equation, assuming F is constant, is:.

c = c) - F)n
n
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Me may com~are tfiis solution to that for quiescent diffusion in the

absence of mixinq:

c / c .  = $ap(.g>g ,Jjm(-$~)+...

and is we plot C/C. vs 9t/1+2 (Figure 4-17) we see that:

t = nt
M

(4.105)

(4.106)

As expected, Deriodic mixing enhances the rate of loss of volatiles, the ex-

tent of enhancement dependinq upon the ~arameter  F. From the half-times of

these curves we may define a measure of the extent of enhancement b.y mixing,

%’ as:

‘1/2 ‘pure ‘Musion}
%=?~,2(periodicmMng  ) (4.107)

Fiqure 4-18 shows Em plotted as a function of F. Reasonable values of F can

be estimated from:

F =  k’t~’”d)l’2 (4.108)

We expect that H is of order 1 cm, with a range of perhaps 0.5 to 2 cm. The

magnitude of $3 will depend stronql,y upon which volatile species is considered

and miqht range from 10 -8 to 10-6 
cm*/s. The wave interval, tM, might take on

-4 ~values in the range 1 to 10 sec. F, then, would be in the range 10 _ F
-?<10. If these estimates are reasonable, then it appears that this

mixinq mechanism exerts a tremendous deqree of enhancement of 10SS

tiles on the slick in comparison to the pure, static diffusion model.
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FIGURE 4-17. EFFECT OF NIXING ON
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FIGURE 4-18. DEPENDENCE OF ENHANCEMENT FACTOR ON F
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One difficulty with this ap~roach is that it provides no connection

between wave dynamics and the periodic mixing action, except through the time

scale tM. Nor does it address the question of whether the degree of mixing

depends upon the viscosity of the oil. An “aged” slick will ~otenti ally be

too viscous to be mixed by a wave. An expression to account for the ability

of a wave to distort a slick, introducing slick viscosity and wave energy

terms, is currently being contemplated.
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5.0

5.1

EXPERIMENTAL PROGRAM RESULTS -- LA JOLLA, CALIFORNIA AND KASITSNA
BAY, ALASKA

EvaIIoration/Dissolution  Rate Determinations

Evaporation and dissolution are the two maijor weathering processes
affectinq oil after it is released into seawater; in some instances most of

t!l~ volatile com~ounds may be lost by ~vaDorative processes within 24 to 48

$our’s (JORD!N and PAYVE, IqRf)). The com~osition of an oil slick, its surface

area and Dbysical Properties, the wind velocity, air and sea temmratures, sea
state, and the intensity of solar radiation can all affect hydrocarbon evapora-

tion rates (!4HEELER,  1978).

Given sufficient time, evaporative processes can remove most of the

volatile hydrocarbons with molecular weights less than nC-15, and in general

Dentadecane  is the liqhtest normal alkane commonly found in weathered oils and

tar balls (PAYNE, 1981). Further, it is rare to find hydrocarbons lighter
than nC-12 in seawater extracts not associated with oil spill events. The

volatile compounds erlcomDassed  below nC-15 make up anywhere from 20-50% of

most crude oils, and the distillation curve data shown in Figure 3-12 illus-

trate that these com~onents make up 50% of the overall mass of Murban crude,

46’? of Cook Inlet crude, 31Z of Prudhoe Bay crude and 25% of Wilmington crude

oils. Hydrocarbon cornuonents  with molecular weights less than nC-15 can make
up as much as 75% or more in refined petroleum products and they constitute

lo? or less of residual fuel oils such as Bunker C (CLARK and BROWN, 1977).

While other studies have been completed to determine the relative

importance of evaporation vs dissoluticm for such compounds as benzene and

cvclohexane (HARRISON et al., 1975; MCAIJLIFFE, 1977; SMITH and MCINTYRE,

1?71), carefully controlled experiments were clearly required to examine the
SimUlttIWOUS  affects of evaporation and dissolution on oil weathering. Acqui -

sition of such data is critical for modification of algorithms and inout compo-
nents for the oil-weathering computer model and verification of predicted
output where environmental parameters such as wind speed and air and water
temperature could be controlled. To S\JPl)CIr~ this requirement, an evaporation/
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dissolutic~~ chamber was constructed to allow simultaneous, compound-specific

concentration determinations in air, oil and water Dh?IS6?S  such that evapora-

tive and dissolution Drocess rates could be determined as a function of time.

FiqlJre 5-1 oresents three schematic diaarams of the evaporation/dissolution

chamber showinq its component parts and functional desiqn, and Figure 5-2
ShOWS  the assembled  pva~OratiOn/dissOluti  o n  c h a m b e r . The c i r c u l a r  design o f

the tank allows air to pass over the slick on a one time basis where an esti-
mated 90% of the air flow is diverted UD the exhaust vent showed in Fiqure

5.14 anfi out of the exhaust port into a vented duct. The velocity of the air

stream is controlled by baffled systems on the blower shown in the foreground
of Fiqure 5-Z, and air velocities over the slick are measured using a Kurz air

velocity meter installed 5 cm above the oil/seawater interface. To minimize

sample contamination during experimental studies, the tank has been fabricated

entirely of qlass, stainless steel

Iar desiqn was chosen over other

driven oil would not accumulate or

manner a continuous oil slick ca’n

, anodized aluminum and teflon. The circu-

shaDes (e.g., rectangular) such that wind

pile up at one end of the chamber. In this

be maintained to simulate the conditions of
airflow over a larqe surface oil slick.

For ambient temperature (19 to 23”C) studies, the chamber is assem-

bled in a dedicated laboratory facility controlled by standard air condition-

ing. Lower temperature studies at 13 and 3°C have been conducted within a

sDeciallv desicmed cold room where air and water temperatures can be carefully

controlled and maintained. (In this enclosed chamber, lower molecular weight
hydrocarbons lost due to evaporation processes are vented outside the labora-
tory. ) Seawatf?r for the system is obtained from the flow-throuqh seawater

aquarium suDDly source at ScriDDs Institution of Oceanography and filtered

(0.f15 m glass fiber filters) before use. Durinq an experimental run, time se-

ries air samples are obtained by adsorbing volatile components onto Tenax@
columns usinq a technique described in greater detail later (and in .Alppendix

!3), water column samples are obtained through the stopcocks in the sides of

tbe chamber aod “grab” oil samDles are obtained throuqh a specially designed

samDlinq nort in ttie top of the air-flow manifold. To ensure homogeneity in
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HEATING/COOLING COILS
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I
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CHARCOAL FILTERED I 1
AIR CONDITIONED AIR INPUT 1
3 CM ABOVE AI R/OIL/VUATER MIXING SHAFT
INTERFACE

FIGURE 5-1. PROTOTYPE TANK DESIGN FOR EVAPORATION/DISSOLUTION EXPERIMENTS.
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FIGURE 5-2. ASSEMBLED EVAPORATION/DISSOLUTION CHAMBER UTILIZED FOR COMPONENT
SPECIFIC EVAPORATION/DISSOLUTION RATE DETERMINATIONS AS A FUNCTION
OF TEMPERATURE AND WIND SPEED -- LA JOLLA, CALIFORNIA.
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the water column, the water is agitated from below by means of a rotating pad-
dle ~a~abl~ of qener~tinq eddy fiiffusion coefficients ranging from 10 to 100

cm2/sec (September 19qfl Quarterly Re~ort).

5.1.1 Results of Evaporation/Dissolution Chamber Experiments - La Jolla

qefore experimental studies on such a complex mixture as Prudhoe Bay
crude oil were initiat~d, evaporation/dissoluti on experiments were comDleterl

usinq a simnle, component mixture consisting of benzene, toluene, and cyclo-
hexane at less than full saturation concentrations. The application of the

results from these experiments toward the oil weathering model development
was present~d in detail in Sections 2.4.4 and 2.4.6, respectively, of our

November lq~fl Interim Quarterly Re~ort.

After completing preliminary evaluation of the evaporation/

dissolution chamber with the three component m’

of oil weathering experiments were undertaken

ambient (19 to 23”C) temperatures and at 3°C
Corexit 9527. Table 5-1 presents commrter lisl

water samoles collected in conjunction with

xture mentioned above, a series

with Prudhoe Bay crude oil at

in the presence and absence of

ings of the time series oil and

these experiments. Each data

entry in the table includes the chromatoqraphic identifiers for the whole oil

or aliphatic, aromatic and polar fractions of the representative samples as

stored in the experiment (EXP) data base of the oil weathering model. From

these samole-sDecific  identifiers, individual compound concentrations can be

retrieved from the comDuter  data base for any desired fraction as a function
of time and environmental conditions. At this time data for atmospheric vola-
tile compound concentrations are still beinq obtained and reduced manually

(Tenax” traD exi)eriments)  ; however, the reduced data output are then being
entered into the comDuter for generation of time series decay curves for vola-

tile compound losses.

Fiqure 5-3 r.)resents time series ctacked  column FID gas chromatograms

obtained on the volatile components in the air above the spilled oil slick at
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TABLE 5-1. COMP[’TER LISTING OF SAMPLES FROM EVAPORATION/91SSOLUTION RUN #4
(19”L L’ITM-lT COREXIT),
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TABLE 5-1. COMPUTER LISTING OF SAMPLES FROM EVAPORATION/DISSOLIJTION  RUN #5
(19’C WITHOUT COREXIT). (Continued).
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1? o

aa 1s

46 30

71 0

vb a.

Izo o

1E7 0

171 .0 . .

19b  O

2s8 0

346 - . 0

336 0

416 0

.00

.Un

. 0 0

.00

.On

.00

.00

.00

.00

?1.20

21.20

.?1..20

21.40

21.00

at. oo

21.00

20.  QO

ao. ao

)11

15

) 30

10

20

>0

5 3(J

1) o

?U 15

?1.20  NO .Q9 . n4.  oa_ 16 0 lIIN-3,1-,  V,,

.?I.  ao No .** bu, oo .  1! II JI,P-3V-IQ.1
.-

21.00 No .~q da. oo 1 ?  13 IIIN-30-9QFI!

15L. oo -“- MO..--.. .99-.44*  13 95 IW-5U-1Q81

2!.00  No Jw 44,00  ~ 3 JtiN-?9.1’?h,
~.,  . -.-

20.90 NO .Q$ #4.  oo .?n 5 l’1l-,>  1-,””,

ao.40-_.J4L.”  .  .99- ah..*” 7 J1lL.  Oi -19111

No

NO

.00 .?!*GO 11.08 ,-.%~loo “’!-!3M
?7 1] .J”L-01-IVR1  (i,  30 No

m

NO

. 0 0  at.~o.  I!liw  .  No * 4 *  4MJ al 1 lU1-O*., .?,9,  ,>* Q
. ._ .i -. -. ..+... No

NO

NO

no

.0

,, ~

.9$

.oQ-20.39--U.3&~ dam+ 113 ! 1 JuL-03-!  ’IHI jll $,

.00 .00 400 MO .::%~a,,jg~,98 .4 . 0+ afi 13 IllL-ll!-\Qn[ ,.* ,3
.,. ,---- ... -, . . . ,.

.00 .21. ao .?3.00 NO .q9 Oa.  oo as 15 !,,l -,,3-1081  ){9 0



TABLE 5-1. COMPUTER LISTING OF SAMPLES FROM EVAPORATION/DISSOLUTION RUN #6
(33C WITHOUT COREXIT). (Continued).

tl.t.1*-7r  tv~* b. . . .Act’  . .
w,, ,,: .1.,,,.7 “.ret JL’’-!,  *CICI&m oatc8  ● J&..%t. sl

.i
..,,  C,.. L !.”csrlcllml U

- -
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rr.w*.  w*cs mmFrrT .1,0
.O., ,,ct . . . .,*, ,,, ... !. or, .Msc. f SWeo .111*6  c-.,  $
. . . ..-. . . . . . . . . . ..  .  .  .  -.  .—..  .— - - - - -  - - - - -
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., ?, .“O.,,. ,,,,
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,, ,,  .M.,,.,,,!

,, ,1 .*.,. -,$*1
,. ,. .u8-,9-t$at
,, :1 .Ut-,  s., esl

..8
60
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,,.. &

1* *
1. e
15 0
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r. 3a

1.”0 3.1- .. 1.41- -Ux-- .9s  - aa.ausa”L y.
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TABLE 5-1. COMPUTER LISTING OF SAMPLES FROM EVAPORATION/DISSOLUTION RUN #7
(3’C IIITH COREXIT). (Continued).

——
LISTI!~G OF HISTONY DAT4SET PAGE 1 OCT-2P-IQgl

ExPERIuE~T:  EVAP 7 PRINCIPAL I?JvESIIGATll~: lLL
LOG  P9GE: JO
5TAT(.s: FI,
STLI?T  PhrL: AI!G-27-1981
Et,P 5ATL: >EP-71-IQPI

LISII.<G OF ExPE<13E!.I  J2AIAsET. —...&AU__CUT-2~slLQtL— —

..EXP~uAD. ?
*EOIUP18 WATER FRACTION  YY~Ea  1“ “’< “.” < ‘“’  ‘~:?”:  “-’”:

_P-I_ltj  EL
- - - - - - - -

Q3 O SEP-09-1Q81

Q1 u SEP-08-198;

90 0 SEP-08-19r31

8q o SEP-08-!981

n.i :1 SFP-[)13-lQ!+I

fll o sEP-oa-19dl

6J. {1 5EP-IJ8-19J)1

35 c sEP-,!e-19AI

:( ,  ‘j~D-OU-~q3,

79 ) SEP-00-1981

7- 0 SEP-00-lq41

U(l o sr5P-09-19cll

Q5 O SEP-09-l~Bl

.iRs ~1.:s
-.. ----

0

u

o

1

2

4

8

12

30

48

qb

192

299

0

15

30

0

r)

o

0

lJ

L

0

,fi#

1.,

0

TE’.IPSQATlJI?ES COFrEXIT
AIR HATER OIL OQESEA.T
.-.

3 .00

3 . 0 0

3 . 0 0

3 . 0 0

3.UII

3 . 0 0

3 .00

3.1,,,

3.5fi

3.00

3.(10

3.,JO

3 .00

. ..-.

3 . 0 0

3 . 0 0

3J)Q.

3 .00

3.081

3.do

3 .00

5.:1(I

3.JO

3.00

3.00

3.W,I

S*OO

.-. ..-=-..

3 . 0 0 YES

3 . 0 0 YES

.340 ~,.YEs...

“3.00

3.($fl

3 . 0 0

3 .00

3 .00

3.C,U

3 .00

3 .00

3.on

3 .00

YES

YES

YES

YES

7FS

YES

YES

YES

YEs

YES

WINO
SPEED MIXING
----- . . . . . .

.99 44.00

.99 aa.oo

. . .99.. 44.00

.99 aa.oo

.99 44.00

.99 44.00

.99 b4.(111

.9Q 1111.on

.99 Ulj,n?

.99 40.00

.99 Uu.rro

● q9 aa.oo

● Q9 aa.oo

COMMENTS
--------

VOA ON 5 MLS.

V04 Oti  5 i+Ls.

VOLY ON 5 wLS.

VOA ON 5 MLS.

VOL OIL/CfJR=ZO

VIIL OIL/COR=,?O

VIL OIL/COR=eO

VOL OIL/CfJR=?O

VOL OIL/COR=20

I/(_lL CIIL/CllR=20

OIL/CflQ=?O

oI1./co?=?0

V{lL IJTL/C17f4=?l}

V ( IL  OIL/COR=?O

VOL 5r~/cnH=2n

VnL f)IL/cc)!?=zO

VOL OIL/CORa2(l
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l~”c (EVap~ratiOn/DiSsOl~ltiOm Run 4 ;  denoted E/D.4). This technique allows

quantitation  of lower molecular weight compounds ranginq from propane throuqh

nonane as a function of time. As the chromatograms in Figure 5-3, B and C
illustrate very rapid losses of lower molecular weiqht components below octane

are observed. The chromatoqram in Figure 5-3D shows the in-series backup Tenax
trap from the 15 minute sample, and only limited breakthrough of lower molecu-

lar weight comDounds  such as butane and methylbutane are noted. Figure 5-3E

uresents a time zero Tenax background air control sample showing no component

contamination before the suill occurred. Additional details on the sam~linq

Drocedure  aod methodology for analyses of volatiles using this Tenax trap

Droceclure are Dresented in A~pendix B - Klethods.

From the type of data obtained and shown in Figure 5-3 it is possible

to generate time series airborne concentrations of these volatile compounds as
shown by the data in Table 5-2 and the graphs in Fiqure 5-4. Clearly, air-

borne concentrations of monocyclic aromatics such as benzene and toluene are
observed to fall off rapidly to non-detectable levels within 7 to 8 hours

under these conditions. Similar exponential decay curves are observed for

volatile aliphatic  compounds such as pentane, methylpentane and octane (Figure

5-5).

Simultaneously collected water samples analyzed by a purge and trap

t.~c4nique similar to that developed by BELLAR and LICHTENBERG, (1974) allows

determination of water column concentrations of these same volatile components

as a function of time, Table 5-3 and Figure 5-5 present such time series data
(from FI17-4) for benzene, toluene, cyclohexane and xylene. In the water

column data, an initial increase in aromatic hydrocarbon concentrations is
noted with t$e concentration maximum occurrinq after 4-5 hours. Under these

conditions, the absolute maximum of individual compounds are determined by the
seawater volubility of the compound of interest and its mole fraction in the

~arent oil. After the maximum concentration buildup at 4-5 hours (controlled
bv com~ound s~ecific mass transfer coefficients) exponential decreases in the

w?ter-borne conceotratio~s are then noted due to the qradual seawater/air

Partitioning and eva~orative  loss of these comuounds.
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TABLE 5-2. TIME-SERIES AIR-BORN CONCENTRATIONS OF VOLATILE COMPONENTS ABOVE PRUDHOE BAY CRUDE
OIL WEATHERING AT 19°C UNDER A 7 KNOT WIND. (Tenax samples from E/D-4).

Compmmd

Butafw

CVr Inluwtane

M~thylhllt?n~

lkntan~

Cyclohcxane

Methylpentane

+ Ben79wm

Ilexane

MPthylcyclohexane

101 uwm

Ethyl [Ienzene

Cwnwe t n-octane

1 I 1
hour hour hour

30 45 1 15 30 45
time O min min holtr min mi n mi n

0.0226 L .0255 .0286 .0?7.3 L n2ft .0245 .0176
. ..-. ---—. . . . . .—. —___ ________ _______ . . ---- ___
11.9 3.54

2.46 0.761

7.30 2.22

16. I 3.88

7.52 2.70

7.32 2.34

3.8 1.17

12.0 lJ@l 4.78

15.6 5.64

14.3 llg/1 4.98

1.47 0.576

6.0t3ug/l 2.63

3.05

0.689

2.59

3.50

2.80

2.21

1.18

6.29

5.63

5.17

0.555

2.60

2.65

0.382

I.(N3

1.79

1.39

1.14

0.670

3.30

3.11

2.97

0.318

1.75

1.17

ND

1.19

1.64

1.36

1.19

0.670

3.89

3.14

2.79

0.306

1.63

ND

NO

0.675

0.816

0.816

0.537

0.653

2.12

1.48

1.55

ND

1.35

Nil

NO

1727

0.682

0.682

0.565

1.08

2.39

1.47

1.42

ND

1.27

2 hrs
.028

. .
ND

NO

o.fl-t~

0.496

0.488

0.400

0.748

2.62

1.25

0.975

NO

1.20

7.5 hr< 3 hrs
.077 .031

ND

ND

0.$9?

0.4?6

0.454

0.557

0.636

4.95

1.23

0.864

NO

1.09

N~

Nil

().241

0.222

0.373

0.180

0.355

0.806

0.717

0.084

NO

(3. 806

4 hrs
. 0?5
. . . .-

NO

ND

ND

NO

0.320

ND

0.160

1.68

0.2117

0.20

ND

0.520

5 hrs
.0316
— . . .
NO

ND

NO

ND

0.?53

NO

0.443

1.77

0.222

0.253

ND

0.348

6 hrs
.070
. . . .
NO

N~

ND

NO

0.85

NO

0.003

0.550

ND

ND

NO

N13

8 hrs
.024

. . .
NO

ND

ND

ND

NO

NO

NO

ND

ND

NO

NO

ND
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(Evaporation/dissolution chamber run 4).



Luz<+zwCL

r-n
E=

.
m

I&l
(x
z



TABLE 5-3. TIME-SERIES WATER COLUMN CONCENTRATIONS OF LOWER MOLECULAR WEIGHT ALIPHATIC  AND
AROMATIC COMPONENTS FROM PRUDHOE BAY CRUDE OIL WEATHERINGAT 19°C UNDER INFLUENCE
OF A 7 KNOT WIND. (Evaporation/dissolution Exp-4; purge and trap analyses after
Bellar & Lichtenberg, 1974).

I’nnt.arv=
(,yr.lohpxane

M~t hylpentane

Ilen?ene

Met.hy 1 c,yclohexane

loluerw

rlhvl  (@nzene

u Oc  t a np

15
min
43,7

21.4

96. ?

50.7

57.6

36.6

377.0

1 9 . 5

6.40

30 45
min. . .min

40.7 54.6

2.3. ? 24.2

90.1 9n.  fl

5 0 . 0 57.4

5 4 . 7 5 7 . 2

49fl. o 5Rfl. o

2s.0 28.1

354.0 o~.?.o

4.20 46

1 1.5 7 7.5 f! 11 70 76 37 v! 44 G(I
ho!l,r  !Ig!!r$  hrmr$  hours  hu!fr>  hours  hoIII.~  hofl!  s hour’s,  IIO!II  ~ how< hours

Lfl. ri 4n,7 fi-t.  q 6 1 , 7 hfl,  O 40  0 ]l. n 75 7 1 9 4  1311 !-!.71 ).5q

?4.7 ,74.4 77.1) 7 6 . 0 ?7.  1 71.1 15.1 1?.1 !08 7 f)l ‘1 (11 7.1!)

W1. o 5R.6 108,0  1 0 5 . 0 6 7 . 4 w.ri 47.0 3(1,4 40.6  7’) 6 17. fl 6 7

51.0 61.11 67,4 67.6 59 II 44.{) lrJ,4 ?6 n 71.2  1<. n 10.7 6,?

57.4 59.8 6 4 . 6 66..3 5 7 . 6 47.  n 7 9 . 7 ?5 I 719 15.1 10.7 4,60

647.0 661.0 669.0 68/1.0 482.0 309.0 Ilfi.fl 1.?1  69.0 71 6 0 800 ND

?7.0 ??.7 30.1 31.5 ?6.4 18.7 13,9 1?,7 110 8.01 5 . 6 1  .3.37

650.0 604.0 Kflrl.  o WN1.o  406.0  7 3 1 . ( 1 77.0 ND flrl.  fi 3. m w) Nll

lr!i,  o ?6.11 75.8 34.3

6.6 5.7 4,? S.fll 3.40 3.70 ?.rln I 60 l, IW-I  I 60 I ?() I :()

56 62
hours  hourj- -

No NO

NP Nll

7.6 Nl)

I.n w

ND ND

ND Nu

No NO

NO Nll

1 7(1  Nll
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PRUDHOE BAY CRUDE OIL WEATHERING AT 19°C UNDER INFLUENCE OF A 7 KNOT WIND.
(Evaporation/dissolution Exp-4; purqe and trap analyses after Bellar &
Lichtenberq, 1974).



Intermediate and hiqher molecular weight component-specific data can

only b~ qenerated by more detailed time-series samolinq,  methylene chloride
extraction and fractionation of oil and water phases followed by capillary qas

chromatoqra~hic  analyses. Figure 5-7 presents the time-series FID capillary

column gas chromatoqrams obtained on the aliohatic fractions of the oil sam-

ples from one such evaporation run (E/D-4) undertaken at 19°C under the influ-

Qnce of 7 knot  win~s. Sam~linq times for the chromatograms shown in Fiqure
5-7 are as follows: A, 0 hours; E?, 2 hours; C, 1 day; D, 3 days; E, 7 days;
F, ~~ da~s; G, 74 davs; ~n~ H, 41 days- Ouite clearly, general eva~orativs
tre~rls  can b~ observed from the c$romatoqrams, Fiuure 5-7, and rapid loss of
comoounds below Kcwat inciex  lClf10 are observed after as little as 2 hours. The

time series concentration profiles for the intermediate and higher molecular

weiqht COmDOundS  are somewfiat  more subtle with only limited additional losses

occurri~q  and

M aromatic h

l.y.

Exam.

and the data

Tables 5-4 and 5-5 Dresent time series concentrations of select-

vlrocarbons in the oil and sub-surface water column, respective-

nation of the myriad of peaks in the time ser” es chromatograms

in Tables 5-4 and 5-5 clearly shows the efficacy of developing a

sound data management system for handlinq the extensive array of compound-

swcific data in the oil and water phases during the weathering process.
specifically, for eacfi samD~e phase (oil, water and air) at each sampling

time, literally +undreds of component-specific concentrations are generated.

While such data can be worked LID manually and plotted as shown in Figures 5-8

throuqh 5-13, comparisons of oil weathering behavior as a function of tempera-

ture (or the presence or absence of dispersants, etc.) can best be accom-

r)lishetl throuq+ comDuter manipulation of data. Further, comparison of pre-
dicted vs. observed compound-spec’ific (or even pseudo-component or distilla-

tion unit) data for oil weatfi~rinq  behavior can only be handled with an ad-
vanced data system such as the one beinq utilized in this program. During

development of this GC data base system, however, it was necessary to manually
reduce and Dlot some of the initial individual compound time dependent concen-
trations  aS shown in Figures 5-R through 5-13. Figures 5-14 and 5-15 present
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TABLE 5-5. TIME DEPENDENT AROMATIC COMPOUND CONCENTRATIONS IN WATER EXTRACTS BENEATH
A SLICK UNDERGOING EVAPORATION/l)ISSOLUTION WEATHERING AT 19°C UNC)ER A 7

r ,mlprl,o,,d Ill  (fain)

I lh”!l,v”?~me
1,4 1 1, l..tinirthy  lhwirww.
I .7 !iIrwtl,  yll,t”,.w

%Oylb.  ”1..t.

l-olh”l  -?. mlhyll,onlew

l-wthylelhvll,,.”z~ne
1,7.4 .lrlwll*yll,Pntp”e
b.?, ti. tr!~ll,ylhenrp~
7. ).lilhyllr”  In. l“dafl@
7, 1. ,llliph,,. I.wlhyl-111-lndan
1./, l.< It!r. wlhytlm=nzetw
1 ,?, 1.4.  I,lrahydr”naptha  l@m

Wpt  I, Al#.,,?

I .H1. tl!”  1,1.,,,1 h,,  Im,p

?.tqrthylmplhalenr

l,l-t,l.  phenyl

?-cthyl,uapthalme

l, S-dlm-lhylnaptha  lene

? I.dlmrlhyln.+ptha  lem?

1,1-m  thylene.hlst~n~ew

I,ti,l-trlwlhy  ln#plhalene
Dthrnzothlophrne
Phen.anthrene
4-Wthyldlhenznth  la~w
2-mPthylphenaoth~ene

‘ X-Wlhylphenanthrew
~.l-dlxthylok.anthrew

.—. —-.

J.??
1.64

8.59

11.18

11. nl

12.675

11.40

14. R6

15.49

10.21

21.65

22.09

23.26

?9.51

78. 1?

32.05

3J.65

3J.94

J4.6?

31.64
J9.5.?
48. 3?

49.34

!,: .05
53.50
54.42
58.36

Kovat
. ..—

w,?

nhl

ml

951
959
977

991
1019

1o11
IOIJ2
1148

1156
1179
1304

lnul
13?5

1301
1398

1413

lull
1525
1 r44

Il?l

IIU5
liw7

Iqll
Z021

(Concentration in ug/1 ).

O hr 1.5—- .

10.6

$5.7

Jo. ?

3.19

6.97

3.89

12.6

0.16

14.4

4.43

5.98

1.()

?1.0
13.7
41.5

1247
13.7

I. Ill

10.9

10.6

1.51

1.61

11.2

1.4tl

1.81

h.fl
------ .

??.1
wt. J
55.9

on. 6

!8.2

11. ?

21.9

Ifl.fi

7.1?

2.97

7.$1

35.5

1.52

9.36

n. tf

1?.6

44.5

4?.3

I 10

14.64

8.85

3.01

7.40

?.01

3,81

?.ttr

6.77

17.()

17 <

64.4
4(1 .1

61.0

IJ.  R

9.0!

14 I

11.9

1.10

7.05

7.00

.17. n

7.12

1.76

l.wl

?4,11

l.w
111,6

1?0,

?.17

6.26

R.JO

I 17
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TIME SEl? IES QBSE17VED OIL CONCENTRA.TI@NS.——
from evaporation–dissolution experiment EVAP 4

at 19.00 cleg C

COMPOUNDS
❑ = 857 et hylbenzene
O = 866 p–xylene
A  =  1021 p–cymene
+ = 1185 naphthalene
X = 12% Z–me t hylnapiht halene
o = lW l–met hylnaphthalene
V  =  14$)8 Cs–naphthalene

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 1[
Hour’s a. ft. er spill

FIGURE 5-14. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT

).0

CONCENTRATIONS REMAINING IN PRUDHOE BAY CRUDE OIL FEATHERING
AT 19°C UNDER INFLUENCE OF A 7 KNOT MIND. (E/ D-4 DATA FROM
EXP DATA BASE OF OIL WEATHERING MODEL).
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T] ME SERIES CIE?SERVED  C)IL CONCENTRA’13C)NS——— —_. ._

from evaporation–disso  lution experiment EVAP 4

at 19.00 cieg C

0 = 967
0 = 1375
A = 1400
+ = 1%7
x = 17R
o = 1!320

COMPOUNDS
mesit ylene
biphenyl
2j6–dime t hylnapht halene
dlbenzo t hiophene
phenanthrene
l–me t hylphenant  hrene

I
w @

o 20.0 40.0 60.0 80.0 100.0 X??o.o 140.0 160.0 Ii ).0
Hours a f t e r  spill

FIGURE 5-15. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC HIGHER MOLECULAR
WEIGHT COMPONENT CONCENTRATIONS REMAINING IN PRUDHOE BAY CRUDE
OIL hJ~ATtIERING AT 190c UNDER INFLUENCE OF A 7 KNOT WIND. (E/D-4
DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL).
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the more r~centlv computer qerierated plots of the oil phase com~onent  concen-

trations from E;O-4.

The oil slick comDonent  concentration graphs (Figures 5-8 throuqh

5-15 show the exponential decrease of the lower molecular weight components

from t$e slick and the lonaer-term stability and residence of the higher

molecular weiqht ~olynuclear  aromatics, heterocyclic  PNA’s and their resDec-

tiw? alkvl -substituted  homoloqs.

The concentrations of lower molecular weight comRounds such as ethyl-

tienzene  and l,?-cliethyl benzene were observed to decrease very rapidly in the
first several hours, and after a period of 6 hours eth,ylbenzene (KOVAT 857)

was no Ionqi?r observed in the surface oil. Likewise, l-ethyl -2-methylbenzene

(KOV4T q59) showed a very rapid decrease in concentration with no detectable

material ~resent after 12 hours (Figure 5-9). Evaporation and dissolution of

1,2,4-trimethyl benzene (KOVAT 991) were somewhat slower (Fiqure 5-8), but its

exponential decay resulted in no detectable material after approximately 2!4

hours , and the concentration of its isomer, 1,2,3-trimeth.y lbenzene (KOVAT

1019) is seen to decrease rapidly in a 12-hOIJr periOd. Tetrameth.ylben  zene

(KOVAT 114R) was observed to decrease ex~onentially over the first 24 hours to

the Doint where it was no lonqer obs~rved (Fiqure 5-9). Tetrahydronaphthalene
(KOVAT 1156) was also lost before 12 hours occurred and naphthalene decreased

in an exoonentia~  fashion over a 74 hour Deriod to where it was no longer

detectable (Fiqljres 5-8 and 5-q). The alkyl -substituted polynuclear  aromatics

showed lonqer residence times in the oil, with 2-meth.yl naphthalene  (KOVAT

128$3) and l-rneth,yl naDhthalene (KOV4T 1304) ~resent for 220 hours (Fiqures 5-10

and 5-11). Thev too showed an exponential decrease in concentration in the

oil, and 1,1-biobenyl (KOVAT 1375) and Z-ethylnaphthalene (l(OVAT 1387) showed

similar effects as their concentrations dropped off exponentially to the point
where they were no lonqer observed after 250 hours (Figures 5-11 and 5-12).

The compounds with molecular weiqhts above al kyl-substituted naphthalenes
showed lonqer residence times in the oil, as this is illustrated in Figure

5-12 for 1,1-methylene  his-benzene (KOVAT 1487) which was still present after
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475 hours altbouqti its concentration had dropped by a factor of 4 in an ex-

ponential fas$ion during that period.

17ibenzothioDhene, the major sulfur heterocvclic aromatic compound in

Pt-udhoe Bay crude oil, did not show a significant decrease over a 50f)-hour

Deriori due to eith~r evaporation or dissolution (Figure 5-13). In fact, the

relative concentration of dibenzothiophene  increased slightly in the

weathered-oi  l-rpsicllle dtJe to the loss of the lower molecular weight COmpO-

ne~ts. Php~anthrene (KCIVAT 1771) also showed a slight increase in relative

concentration as did the alkyl -substituted q-methyl  dibenzothiophene (Kf)VAT

1845) and ?-metbyl uhenanthrene (KOVAT 1887; Fiqure 5-13). Although these com-

oouncis do have limited water solubilities, as reported by CLARK and MACLEOD

(lq77), they are not readily dissolved from the oil into the water column and
they are a~parentlv not r~nlov~~  ~CI any appreciable degree by evaporation after

the slick becomes diffusion controlled.

‘dater column concentrations of these same aromatic compounds are pre-

sented in Table 5-5 and Figures 5-16 through 5-21 show the manually plotted

time-dependent concentration changes for several selected compounds. Figure

5-22 presents the comrmAwr  qenerated plots of many of the same comPounds for

comparison. As was noted in detail in our November, 1980 Interim Quarterly

Report, initial increases of concentrations of the lower molecular weight aro-
matics in the wat~r column occur within the first 5 to 10 hours while higher

molecular weight component concentrations peak at after a slightly longer

Deriod. Interestinqlv, after approximately 10 hours, exponential decreases in

the water column concentrations occurred due to eva~orative loss through

air/s?a exchanqe. ‘dhile the methvlene chloride extraction technique does not

allow evaluation of benzene and toluene (due to hexane and benzene solvent in-
terference during cauillary chromatography), these concentrations can be de-

termined by the Durqe and traD results as shown in Table 5-3 and Figure 5-6.
It is c)ossible  with the mettlvlene chloride extraction and subsequent fraction-

ation Drocedure to quantify the water column and oil slick concentrations for
other aromatics, ranging from ortho-, meta- and ~ara-xylenes (l-2, 1-3, and
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TIME SERIES 013 SERWlD WATER COLUMN CONCENTRATIONS————— ---- —---- -.—. .— —-— .—-— ---
from evaporation–dissolution experiment EVAP 4

at 19.00 cieg C

!!
:,
/! COMPOUNDS

❑ = 857 e t hylbenzene
;\ O = 866 p–x~lene

A = 1021 p-cymene,! + = 1185 naphthalene
[~ X = 12S15 2–met hylnapht halene

o = 1317 l–met hylnapht halene
1

‘1 /4

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 If
Fkm.rs after spill

LO

FIGURE 5-22. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAINING IN THE MATER BENEATH A PF?UDHOE BAY
CRUDE OIL SLICK NEATHERINGAT  19°C UNDER INFLUENCE OF A 7 KNOT
WIND. (E/D-4 DATA FROM EXP DATA BASE OF OIL FEATHERING YODEL).
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l-4-dimethyl benzenes) throuqh al k,yl-substituted phenanthrenes. Figure 5-16

stiows the time-d~pendent chanqes and concentrations of meta- and para-xylene

with time. T$e initial buildup to 100 pm/1 in the first 5 hours was very

similar to that observed when the Durqe anb trap technique was used for simi-

lar measurements as reDorted in Figure 5-6. Validation of the comparability
of the measurement techniques is provided by the similar values and trends
obtained by these two Siqrlificantly different methods {purge and trap FID GC

Vs methvlene chloride extraction, fractionation and FID chromatoqra~hy).

Likewise, concentration builduD and declines for ortho-xylene  and ethyl benzene
were similar when measured by both techniques. Figure 5-17 shows the time-

rleiwndent concentration chanqes in the water column for ortho-xylene, and

these data also clearly Darallel those observed for the other two isomers.

Similar Drofiles are obtained for ethylbenzene, propylbenzene and l-ethyl-2-
rrmthylbenzene  i~ the subsequent Fiqures (5-1S through 5-20). Polynuclear

aromatics startinq with naphthalene  show somewhat later concentration maxima

and Ioriqer retention in the water column as shown by the data in Figures 5-21

and 5-22.

Each of the.maximum concentrations reached during the initial stages

of dissolution reflect the mole fraction of the component in the oil and the
relative activity coefficients of the compound in the oil and the water. In

almost all instances, however, the concentrations in the water column in the
~VaDOration/dissnl!lti orI chamber do not reach the higher  values obtaineci during

the closecl system (seDaratory  funnel) oil/sea~ater partition  coefficient deter-

mina~ioqs descri!wd  in the ~ext section. This presumably reflects the rapid

loss from the oil of the sRecific components due to evaporative processes and
the concomitant dscrease in overall mole fraction of these lower molecular

weight materials in the oil. Finally, as these materials are ultimately re-

moved from the oil slick reservoir itself, the water column concentrations
underqo a decrease beneath the slick. In the case of the higher molecular
weight. naphthalenes  and alkyl -substituted naohthalenes,  this decrease does not

occur until lfl to 20 hours after the soill incident (20 hours for l-methylnaph-
thalene, 35 hours for 2-methyl naphthalene, 35 hours for biphenyl). This is
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presumably dIJe to the lonqer residence time of these higher molecular weiqht

mate Pials in tbe oil causinq their lonqer residence time in the water column

beneath the slick.

Durinq t+e initial evaporationldissol  ution experiment using Prudhoe

Bay crude oil, the oil was added from a height of 6-8” above the water and

siq~ificant ~lunqinq of oil droplets into the water column was noted. Nhile

such clroDlet formation no doubt occurs in a real-spill event, such behavior
significantly com~licat~s development, of alcjorit+ms  for evaporation and dis-

solution because of the qreatly enhanced surface area of the oil drOD~etS

exDosed to tfie water colum~. lleveloDment  of dissolution algorithms to account

for this drODlet formation  is ~UCtl more complicated and is still underdoing

evaluation at t$is time. Therefore, in subsequent evaporation/dissoluti  on
~xwriments, the oil was added via a horizontally Dlaced transfer tube located
0.5 cm above the water surface. In this manner, the oil was observed to

sDread as a smooth slick over the water and significant 1 to 1O-MM oil droplet

diswrsion  was Drevented. In that the algorithms for dissolution require

inDut ~arameters  such as the surface area of the oil slick exposed to the

water, it was believed that this aDproach  would provide much better experi-

mental data to com~are aqdinst c~rnputep ~redicted output for evaporation and

dissolution weatfierinq  in the stirred tank experiments. Further, durinq the

initial evaporation/ dissolution experiments using a 7 knot wind, 5 to 10-cm

boles wer~ “blown” in the surface slick. While such breakup of surface slicks

in ocean systems is also known to occur, this behavior in the evaporation/

dissolution chamber comr.)licates modeling of the observed results and genera-

tion of agorithins. For this reason, in subsequent evaporation/dissoluti  on

experiments, the wind su~ed was droDped to 1 knot such that buildup of vola-

tile com~onents would not occur in the air above the slick but that holes were
not blown into the slick at the same time.

To evaluate these chanqes in the experimental procedure, a second
]~”c pV~D~ratiOn/~issolUti~n  eXDef=irnent was undertaken and Figures 5-23 and

5-?C Dresent the comDuter plotted time-series observed oil concentrations from
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TIME SERIES OBSERVED OIL CONCENTRATIONS——. —— —— .—
from evaporation–dissolution experiment EVAP 5

at 19.00 deg C

~
-1

o= 857
0 = 866
A = 1021
•1- = 1185
x = y&y5
o = 1317
V = 1498

COMPOUNDS
et hylbenzene
p–xylene
p–cymene
naphthalene
Z–methylnapht halene
l–me t hylnapht halene
C3–napht halene

o
T2a
J#

$

~
o
0

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 1 Lo

FIGURE 5-23. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAINING IN PRUDHOE BAY CRUDE OIL WEATHERING
AT 19°C UNDER INFLUENCE OF A 1 KNOT WIND. (E/D-5 DATA FROM
EXP DATA BASE OF OIL WEATHERING MODEL).
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TIME SERIES 01.3SER~TD  OIL CONCENTF?-4T10NS._— — —.—— .-

from evaporation-dissolution experiment EVAP 5

at 19.00 deg C

Q = 967
Q = 1375
A  =  1400
+ = 1747
x = 17%
o = 1920

COhIPOLUiDS
mes it.ylene
bi hefiyl
82, –dime t h.sdna~hthalene

dlbenzo t hiofihen;
phenanthrene
l–me t hylphenant  hrene

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 1[
Hours af te r  sp i l l

FIGURE 5-24. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT

Lo

CONCENTRATIONS REMAINING IN THE WATER BENEATH A PRUDHOE BAY
OIL SLICK WEATHERINGAT 19°C UNDER INFLUENCE OF A 1 KNOT
k!IND. (E/D-5 DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL).
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that experiment. Quite clearly. the reduction in wind speed affects the rate
of loss of the lower molecular weiqht components as can be seen by comparing

Fiuures 5-23 and 5-14. Lonqer residence times of compounds from ethyl benzene

throuqb naphthalene are observed in the slick under these conditions. The
residence time of hjqtl~r ~Ol~Culdr w~fiqht conlponerl~s  such as mesitylene (Kovat

q67) throuqh l-methvl Dhenanthrene are not drastically affected. That is,

their residence time in t$e slick is significant over the 180 hours of experi-

ment as would he ant,icipat~d. Reduction of the formation of oil in water

disoersed  droDlets also significantly affects the amounts of hydrocarbons
dissolved in t$e wat.~r column, as would be expected from the significantly

decreased oil/water interracial surface area. Fiqure 5-25 presents the com-

puter qenerated  plot of the water column concentrations from evaporation/

dissolution exD 5 where the oil was added to the evaporation/dissolution

chamt)~r  with th~ horizontally positioned addition tube. Comparison of the

data in Fiqure 5-22 with 5-25 shows that a factor of 2 to 3 decrease is

observed in the water column concentrations as a result of this more qentle

oil-addition procedure. As noted above, these modifications to the experi-

mental procedure were necessitated by the requirement to maintain as carefully

a controlled oil/water surface area as possible for verification of algorithms
derived to predict dissolution phenomena. Results of observed vs predicted

water column concentrations are presented in Section 5.1.5.

Rate constants are beinq determined at this time for the specific

hydrocarbon compound concentration decreases from the slick. As these data

become availabl~, they will be compared to comc)uter modeled output for veri-

fication of predicted betiavior versus observed laboratory results as illus-

trated in S9ction 5.1.5.

Fiqures 5-26 and 5-27 present the qas chromatoqrams on the aliphatic

and aromatic fractions of time series oil samples collected from an

evaporation/dissolution experiment conducted under a 1-2 knot wind at 3°C

(E/t-l-6). In this instance, time series samples were collected 30 minutes
after the sc)ill and at times 2 hours, 1 day, 3 days, 6 days, 12 days and 21
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TIME SERIES 013SER1.~EIl W.4TER CQLUMN C! QNCENTRATI CINS-—-——— ..—. . . . . .
from evaporation–disso lution experiment EVAP 5

at 19.00 cieg C

) CO?vfPOUNDS
l\ ❑ = 837 et hyibenzene

0 = 866 p–xylene
A  =  1021 p–cymene

/ ‘\ + = IH35 naphthalene
X = IZW Z–met hy]napht halene

I& ~ = 131? l–met hylnapht  haiene

/
\

V = 1498 C3–naphthalene

\

0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 it

FIGURE 5-25.

Hours after spill

COMDUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAINING IN THE WATER BENEATH A PRUDHOE BAY
CRUDE OIL SLICK WEATHERING AT 19°C UNDER INFLUENCE OF A 1 KNOT
WIND. (E/D-5 DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL).
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FIGURE 5-26.

@
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FLAYE IONIZATION DETECTOR CApILLARy GAS (jRO!lATfJGRAMS  OF ALIpHATIC
_–——— .——-

COMPONENTS EEnlAINING IN PRUD!-IOE BAY CRUDE OIL k!EATHERING AT 3°C
UNDER INFLUENCE OF A 1 KNOT HIND (E/D-6). TIilE-SERIES  SAMPLING
POINTS AFTER THE “SPILL”: (A) 30 MINUTES; (B) 2 DAYS; (C) 1 DAY;
(D) 3 DAYS; (E) 6 DAYS; (F) 12 DAYS; AND (G) 21 DAYS.
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days following the initial soill event. On comparing these chromatograms to

the chrornatoqrams sfiown earlier in FicJure  5-7, it can be seen that loss of

lower molecular weiqht components due to volatilization is slightly inhibited
at ~bis lower temperature. This is perhaps best observed in

cmmuter generated plots of soecific compound concentrations
time as showo in Fiqure 5-28 and 5-29.

examining the
in the oil vs

~om~arison of these latter fiqures to the comouter plotted figures

(5-Z’3 and <-~d) for the l~°C experiment show significantly longer residence

timss of the intermediate molecular weight  comrmnents  compared to those lost

at the Oiqhf+r temperature (note difference in time scales for Fiqures 5-28 and
5-29 vs 5-23 and 5.24). The lower molecular weight components (up to

p-cvmane] appear to be lost at aD~roximately  the same rates (after 60 hrs) in
both ~xneriments. The same relative increases in concentrations of higher

molecular weiqht comDounds such as dibenzothiophene, phenanthrene and methyl-

Dhenanthrene can be observed in both experiments. Gas chromatoqrams for the

time series water column samples obtained in the 3°C evaporation/dissolution

experiment are presented in Figure !5-30. Th~s~ cfiromatograms  show the slow

build-up of the relatively more water soluble lower and intermediate molecular
weiqht alkyl.substituted aromatics in the water column. In this instance,
however, the maximum water column concentrations are reached after approxi-
mately 50 hours and lonqer as shown by the computer plot of water column con-

centrations for this experiment (Fiqure 5-31). Obviously, many additional
samples and chromatograrns  had to be obtained for generation of these Dlots but

inclusion of additional chromatograohic profiles in a report such as this is

not oracticalo Clearly, however, the selected chromatograms and time-series

concentration plots S$OW the earl,y water column buildup of the lower molecular
weiqht cornoounds of interest such as toluene, ortho- and para-x.ylenes and

a?kvl -substituted henzenes. The hiqher molecular weight compounds such as
na@thalenes and alkyl-substituted naDhthalenes then reach maximum concentra-

tions in the water column at 40-60 hours and then remain in the water column,

not beinq lost throuqh air/sea exchanqe and evaporation, for longer periods

of time. It is quite interesting to compare the chromatographic profiles
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TIME SERIES OBSERVED OIL CONCENTR_ATIONS—.--—

from evaporation–dissolution experiment EVAP 6

at 3.00 deg C

❑ ✝ 857
‘3= 866
A  =  I(W
+ = 1185
x = Ey5
o = 1317
v = ~4w

COMPOUhTS
e t hylbenzene
p–xylene
p–cymene
napht halene
Z–me thyJnapht halene
l–met hylnapht halene
C3–naphthalene

0.0 56.0 100.0 150.0 260.0 %0.0 3(io.o 3ti.o 400.0 450.0 500.0 5

FIGURE 5-28.

Lo
Hours after spill

COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
COYCENTRATINS REMAINING IN PRUDHOE BAY CRUDE OIL WEATHERING
AT 3CC UNDER INFLUENCE OF A 1 KNOT WIND. (E/D-6 DATA FROM EXP
D.4TA BASE OF OIL WEATHERING MODEL).
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TIME SERIES OBSERVED OIL CONCENTRATIONS_ .-— . . . . . . . . .

from e~-aporation–disso  lution experiment EVAP 6

at 3.00 deg C

COMPOUNDS
❑ = 967 mesitylene
O = 1375 biphenyl
A = 14LILJ Z,6–dime t hyLnapht  halene
+ = 1747 dibenzo t hiophene
x = 1774 phenant hrene

Y0- .
I I I I i I i I I I

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0

Hours after spill

FIGURE 5-29. COMPUTER OPERATED TIME-SERIES PLOTS OF SPECIFIC HIGHER MOLECULAR
WEIGHT COMPONENT CONCENTRATIONS REMAINING IN PRUDHOE BAY CRUDE
OIL WEATHERING AT 3°C UNDER A INFLUENCE OF A 1 KNOT WIND. (E/D-6
DATA FROM EXP DATA BASE OF OIL WEATHERING MODEL).
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TIME SERIES CIBSERVE13 WATER COL~JMN CONCENTRATIONS ‘“—— — - -

from evaporation–dissolution experiment EVAP 6

at 3.00 deg C

COMPOUNDS
D= 857 ethylbenzene.
O = 866 p–xylene
A = 1021 p–cymene
+ = 1185 naphthalene
X = RY5 Z–met hylnapht halene
o = 1317 l–met hylnaphthalene
V = 1498 C3–naphthalene

?

\

\

I* ‘L------

0.0 50.0 100.0 150.0 200.0 250.0 3[
Hours after spill

2.0

FIGURE 5-31. COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC AROMATIC
COMPONENT CONCENTRATIONS REMAINING IN THE WATER COLUMN
BENEATH A PRUDHOE BAY CRUDE OIL SLICK WEATHERING AT 3°C
UNDER INFLUENCE OF A 1 KNOT WIND. (E/ D-6 DATA FROM EXP
~ATA BASE OF OIL WEATHERING MODEL).
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Of the water COIIItTIn extracts (Fjqur~ 5.30) with the aromatic fractions of the

oil sample extracts (Fiqure 5-27), in that the aromatics present in the water
column are clearly skewed towards the lower molecular weight range. The lower

molecular weiqht comDOu~dS  in the oil are rapidly lost due to the combined

effects of evaporation/dissoluti on such that, with time, only the higher
molecular weiqht aromatic compounds remain in the slick up to the 21 days that

t+is exwrirnent wzs run.

6,1.? Ot]tdonr  Evaooratjon/Dissolution  $tudies in Flow-Throuqh Aauaria at

Kasitsna qay, Alaska

Part of the Summer 19$30, Kasitsna Bay ctroqram  involved construction

of oiltdoor flow-through aquaria for long-term sub-arctic evaporation/
dissolution and microbial degradation studies. Figure 5-32 presents a sche-

matic diagram of the outdoor flow-through tank arrangement, and Figure 5-33 is
a r)hotograph  of the outdoor flow-through tanks before installation of a cover

to minimize fresh-water in~ut from rain and snowfall. In September and
October of lq80 four long-term microbial degradation experiments were begun:

flow was maintained in two tanks where oil was allowed to weather in the pres-
ence and absence of Corexit ~52T (Tanks s and T, respectively),  and two tanks

were maintained in a static condition where similarly treated oils were

allowed to weather in the absence of continuous seawater flow (Tanks 5 and 2,

respectively) .

-4? the onset of the SDrincj,  1981 proqram, the four outdoor tanks were

again examined and sampled, and two of the systems (Tanks 3 and 7) were left
l]ndist.urbed  to provide for continued lonqer term microbial degradation of the

partially weathered oil over the summer months. Additional details on the

results obtained from these and other long-term microbial degradation experi-

ments are described in Section 5.2.

A more ambitious series of evaporation/dissolution experiments were

then undertaken during the Sprinq 1981 proqram in these outdoor tanks using
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FIGURE 5-33. OUTDOOR FLOW-THROUGH OIL WEATHERING TANKSAT KASITSNA BAY,
ALASKA BEFORE INSTALLATION OF A LEAN-TO COVER TO MINIMIZE
FRESH WATER INPUT FROM RAIN AND SNOWFALL.
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‘the matrix clesiqn as presented in Fiqure 5-32. That is, evaporation/

dissolution phsnomena were examined with fresh Prudhoe Bay crude oil and arti-

ficially qenerated mousse in the presence and absence of turbulence and in the

Dresence and absence of the dispersant Corexit 9527 as shown by the matrix

riesiqn (Fiqure 5-32). Time-series photographs and chemical composition data
were obtained on all of the ex~erimmtal systems, and Table 5-6 presents the

sampling times, the sample type (oil or water) and the chromatographic  identi-

fi~rs associated  with each sample as required for computer data reduction.

Time-series capillary column chromatoqraDhic urofiles were obtained

on the oil fractions during the experimental runs at Kasitsna Bay and digi-

tized data were recorded on maqnetic tape and returned to La Jolla for incor-
poration into the data base for the oil weathering model. As in the

evaoorati on~dissoluti  on experiments in La Jolla, two types of water samples

were obtained, with the first being 25-ml whole water samples in Pierce

septum-capped vials for analysis of volatile organics by the purge and trap

technique. In addition, 70 to 4fI-l_ samples of the discharged  water from each

tank were obtained and extracted with methylene chloride for later laboratory
fractionation and GC and GC/MS analyses.

4s the data in Table !5-6 show, numerous samples were collected to

orovide quantitative data on evaporation/dissolution rates of oil under a wide

variety of conditions; however, only three selected ex~eriments are addressed
in this reDort. Specifically, these include evaporation/dissolution results

from: fresh oil in the Dresence of turbulence (Tank 1); artificially gener-

ated mousse in the presence of turbulence (Tank 8); and fresh crude oil PIUS

COr~xit in the Dresence of turbulence (Tank ~).

The importance of examining the evaporation/dissolution behavior of
an artificially generated water-in-oil emulsion stemmed from the fact that

significant increases in viscosity and specific gravity have been observed for

many water-in-oil emulsions, and these increases have been shown to affect

spreaclinq, dispersion, interaction with suspended particulate material and

193



TABLE 5-5A OUTDOOR TANK #l OIL, WATER AND AIR SAMPLING TIMES

Blan~,  0 h r ,  1 h r ,  7.5  h r s ,  2 6  h r s ,  53 Ftrs,  9 3  hrS, 150hrs,
4 months, 6 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model
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TABLE 5-5B OUTDOOR TANK #2 OIL, WATER AND AIR SAMPLING TIMES

Bl~nk,  q ~r, ] hr, 7.5 nrs,  26 hrs, 53 hrs,  93 h rs ,  150  hrs ,
a montns, 6 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model

,
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TIIBLE 5-5 C OUTDOOR TANK #3 OIL, WATER AND AIR SAMPLING TIMES

31ank,  o hr, i nr, 6 hrs, 24 nrs, 93 m-s, 150 ors,

J months, 6 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Feathering Model
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TABLE 5-6 D OUTDOOR TANK +4 OIL, WATER AND AIR SAMPLING TIMES

B l a n k ,  0 hr. I hr, 7.5 hrs, 26 hrs, 53 hrs, 93 hrs, 150 hrs+
4 months, 6 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model
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TABLE 5-6E OUTDOOR TANK #5 OIL, WATER AND AIR SAMPLING TIMES

Bl~nk,  c hr, 1 br, B m%, 26 nrs,  53 hrS, 93 hrs, ~50 hrs)
4 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model
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TABLE 5-6F OUTDOOR TANK #6 OIL, WATER AND AIR SAMPLING TIMES

Blank, O hr, 1 hr, 6 hrs, 19 hrs, 30 hrs,  45 hrs, 100 hrs,
4 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model
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TABLE 5-6G OUTDOOR TANK #7 OIL, WATER AND AIR SAMPLING TIMES.
6 m o n t h s ,  11  m o n t h s

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model
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TABLE 5-6H OUTDOOR TANK#8 OIL, WATER AND AIR SAMPLING TIMES

Blank, O hr, 1 hr, 6 hrs, 19 trrs,  30 hrs,  45 hrS, 100 hrs,
4 months

Computer listing of analyzed samples with reduced data in EXP data base
of Oil Weathering Model
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presumably evaporation/dissolution (PAYNE, 1981). TWARDUS (1980) indicated

that no quantitative data existed on how mousse affects evaporation, but it

was suspected that once mousse formation occurred, evaporation would occur at

reduced rates. Similar predictions have been made by NOGATA and KONDO (1977),

and, in our Spring 1981 experiments, attem~ts  were made to quantify any differ-
ences in lower molecular weight volatile compound losses from fresh Prudhoe

Bay crude oil and artificially (shaker table) generated mousse where evapora-
tiOfI was prevented during mousse formation in a sealed teflon container.

Specifically, in this experiment, a water-in-oil emulsion (or artificial

mousse) was qenerated with fresh Prudhoe Bay crude oil by mixing 80 parts

filtered seawater with 20 parts fresh oil in sealed teflon containers on a

shaker table for 48 hours.

This fresh mousse was then poured onto the water surface in Outdoor

Tank #8 and pro~eller driven turbulence was introduced to determine if differ-

ential rates of lower molecular weight hydrocarbon losses occurred in the more

viscious water-in-oil emulsion compared to fresh Prudhoe Bay crude (Tank No.

1). As in the corresponding evaporation/dissolution chamber experiments in La

Jolla, volatile compound concentrations were measured in the air 1 to 2 inches

above the slick by pumping measured volumes of air through stainless steel

columns packed with Tenax@ at different time intervals following the spills.

In both Tanks 1 and 8, turbulence was induced by propeller mixing. The water

and air temperatures at the time of sampling were 6° and 6 to 12”C, respec-
tively. After sampling, the Tenax@ traps were capped with stainless Swagelok@

fittings and stored at room temperature until FID GC analyses, using the proce-
dures described in Appendix B. Backup columns in series with the front col-

umns showed no breakthrough of lower molecular weight material 95+% recovery
on the front traps. Interestingly, the qualitative appearance of the tempera-

ture programmed components of the volatiles from both systems were remarkedly
similar (PAYNE, 1981), and the time-series data presented graphically in

Figures 5-34A and 5-34B illustrate that essentially identical losses of lower
molecular weight compounds ranging from butane to xylene were obtained for

both the fresh oil and fresh mousse. The data in Figure 5-34C; however, show

202



:.0 i-
:

:
5 ~
4

3 -

z -

0.1 , -
s -

: -
s -
a -

3 -

‘t

I

i

.

1

T-r c

A

e.ot  1 I , J0
Tla Rmm%u  (h)

60 6U .-w –-
Icm –T20

c

h

>0 a rut!  66M%[U  [!!]
60 w 100 120

4 ~

3 -

2 -

0.1

j:

s-

4-

3-

2-

c7cpK3.ME
1

0.01 * o lo
l= FIUI%U  (h)

to w m S+2c
Im.o  -

; I TM m
6
5 D

3 -

‘3 -

10.0
i :
;-
5-
e-
3-

~amzl

w 2-
@l

1.0

:-

;-
5 -

.

0.01 ~ o ?J 40 40 w km Ii3
T[R  ~  6PIU (h)
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slightly lonqer retention of these corn~ounds in mousse spread on seawater in

the absence of turbulence. One of the static (non-propeller mixed) mousse
systems (Tank 2) was also treated with Corexit 9527 immediately after the

sDill (Fiqure 5-34!7), but this apparently did not affect evaporation loss ~

comcmrwl  to the non-disDersant treated control (Figure 5-34C).

Fiqure 5-35 Dresents selected time-series glass capillary gas chro-

matoqraDbic Drofil~s obtained on the fresh oil samples in the flow-through

tank in the ~resence of turbulence (Tank 1). The sampling points in Figure
5-35 are for times of: 1 hour, 26 hours, 4 months and 6 months. Figure 5-36

presents the time-s~ries gas chromatoqraphic  profiles obtained on the artifi-
cially qenerated mousse in tbe presence of turbulence at sampling times O, 30

hours and 4 months (Tank 8). Very similar losses of the lower molecular
weiqht cnm~onents tIelCJW  rlc-g aDDeared  to have occurred  in both the fresh oil

and artificial mousse experiments however, slightly longer retention of lower
molecular weiqht components is suggested in the artificial mousse case when

examininq the four month data (Figure 5-35C). Also, while only limited or no
microbial ckqrarlation is suggested durinq the first 24 to 30-hour period, more

significant microbial utilization of the aliphatics as opposed to the branched
chain isoprenoids  can be observed in the four month old samples from both the

fresh crude and artificially qenerated mousse. In the fresh oil plus turbu-

lence ~xDerirnent,  the nC-17/pristane and nC-18/phytane ratios dropped to 0.38

and 0.51, respectively after four months$ and in the chromatogram of the four

month old weathered mousse (Fiqure 5-36C) the nC-17/~ristane and nC-18/phytane

ratios dropped to 0.75 and 0.92, respectively. The values for these ratios in
fresh Prudhoe Bay crlJde oil are 1.7 and 1.6, respectively. It should also be
noted that after four months of weathering in both systems, the unresolved

comDlex mixture had increased significantly. The effects of microbial degrada-

tion are even more striking in Figure 5-35D which presents the weathered sam-
Ple from the fresh oil Plus turbulence tank after 6 months of weathering dur-

ing the sub-arctic summer months from June through October, 1981. In the 6
months old samole (Figure 5-35D) the isoprenoid  compounds, pristane (Kovat

1710) and ph,ytane (Kovat 1815) dominate all of the other resolved components.
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Easier com~ari sons of the relative retention of the higher molecular

weiqht components can he mad~ by examination of the computer generated time-
series concentration orofiles obtained from capillary FID gas chromatographic

analyses of the oil and mousse from the well-stirred tanks as shown in Figure
5-37. Kovat indices for the com~ounds in each plot are identified in the fig-

ures, and these data confirm that compounds in the range of nC-9 through nC-11
are ~refer~ntia~ly r~tain~d in the mousse sample for longer periods of time

(Fiqures 5-37A and C). Fiqures 5-38A and 5-38B show the time-series concentra-

tions of components with Kovat indices ranqinq from 13C10 to 2000 for t$e oil

anr! artificially  qmerated mousse samples, respectively. A similar relative

increase in these higher molecular weight compound concentrations (in pg/g

oil) is noted for bot$ the oil and mousse after approximately 25 hours, and

this is due to the removal of significant mass of the oil by evaporation of

the lower molec~llar weiqht components (compounds with molecular weights above

nC-15 are not lost during this time frame). Absolute concentrations of thi?

individual components in each of the mousse
basis) are lower than those of the fresh oil

seawater (80% by weiqht) in the water-in-oil

sample plots (on a pg/g of mousse
because of the additional mass of

emulsions.

Thus , in the presence of turbulence in these studies, the higher

viscosity of the $30% water-in-oil mousse did not significantly affect evapora-

tive loss of the lower molecular weight components boiling below xylene, but

some reduction in eva~oration was noted for intermediate molecular weight

con’wounds (Kovat indices 800 to 1100) in the mousse. More significant differ-

ences were noted in the amounts of oil and fresh mousse that were dissolved

and disr)ersed into the water column due to the turbulent regimes, and Table

5-7 presents selected time series water column concentrations for the two
systems. The three orders of magnitude difference between the fresh oil and

fresh mousse systems clearly reflects the latter’s resistance towards dissolu-
tion and dispersion to droplets.

Figure 5-39 presents the glass capillary gas chromatograms on the

time series oil samples from outdoor tank #5 from the Spring 1981 experiments
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TABLE 5-7. TIME-SERIES WATER COLUMN CONCENTRATIONS (u9/1) oF DIssoLvED  AND DISPERSED Hydrocarbons
FROPl FRESH PRUDHOE BAY CRUDE OIL AND MOUSSE WEATHERING ON FLOW-THROUGH SEAWATER ENCLOSURES
(TURBULENT REGIME) AT KASITSNA BAY, ALASKA. (WATER TEMPERATURE 6°C , AIR TEMPERATURE
6-13°C). CONCENTRATIONS DETERMINED BY CAPILLARY TEMPERATURE-PROGRAMMED FID GAS CHROMATOGRAPHY.

Fresh Oil O hrs 1 hrs 7.5 hrs 26 hrs 53 hrs

Resolved Components 7200 4740 1400 10110+ 659

Unresolved Complex Mixture 3140 1460 420 447 114

Fresh Mousse* O hrs 1 hrs 6 hrs 19 hrs 30 hrs 45 hrs 100 hrs

Resolved Components 23 7 29 18 10 24 34

Unresolved Complex Mixture ND ND 12 45 37 69 59
t-a
o

*Water column concentrations corrected for
total oil volme added as %ousse.”

ND = none detected

+possibly due to excessive oil droplet entrainment
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FIGURE 5-38. COMPUTER GENERATED PLOTS OF CAPILLARY FID-GC DATA ON
MOLECULAR WEIGHT COMPONENTS REMAINING IN PRUDHOE BAY

HIGHER
CRUDE

OIL AND MOUSSE WEATHERING UNDER SUB-ARCTIC CONDITIONS ON FLOW-
THROUGH SEAWATER ENCLOSURES AT KASITSNA BAY, ALASKA. KOVAT
INDICES ARE IDENTIFIED ON EACH PLOT AP!D ENVIRONMENTAL CONDI-
TIONS ARE AS IN FIGURE 5-34.
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FIGURE 5-39.
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FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS  OBTAINED

-—

ON PRUDHOE BAY CRUDE OIL PLUS COREXIT (OIL:COREXIT = 20:1)
WEATHERING IN THE PRESENCE OF PROPELLER DRI?EN TURBULENCE IN THE
OUTDOOR  FLOW-TtiROLJGti  AQuARIA (TANK #5) AT KAsITsNA BAY, ALASKA.
TIME-SERIES SAMPLING POINTS AFTER THE “SPILL”: (A) 1 HOLiRS;
(B) 23 HOURS; (C) 4 MOL!THS, CHROMATOGRAN D WAS OBTAINED ON THE
POLAR (F3) FRACTION OBTAINED FROM AN ACIDIFIED WATER COLUMN
SAMPLE AFTER 4 MONTHS OF IN SITU ‘FEATHERING.
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(fresh oil plus Corexit, 20:1, in the presence of turbulence). These data

included to allow direct comparison to the fresh oil plus turbulence experi-

ment in tank !!1 over the same time frame as shown in Figure 5-35. As in the

non Corexit fresh oil .exReriment, the most effective initial weathering mechan-

ism was due to evaporation as compounds below Kovat indices 1000 were clearly
lost durinq t$e first 24 hours. Visual observation of the water column ex-

tracts from this tank, however, also indicated that enhanced removal of oil
intn the water colllmn occurred as a result 01

extracts are underqoinq alalyses at this time.

4s noted above, the tanks were mainta

the dispersa~t. Mater column

ned in a flow-through condition

during the period of April to October 1981 to allow indigenous microbial popu-

lations to be fully ot)erative, and Fiqure 5-39C shows the chromatographic p~o-

files obtained on the Corexit treated oil after d months of weathering. Inter-

estinqlv, the chromatoqram is nearly identical to the chromatogram in Figure

5-36C, the patchy mousse from stirred Tank 1 which was not treated with
Corexit in ADril. As in the other case, most of the components below nC-14

have been removed by evaporation and dissolution processes during the warmer
summer months, and the chanqe in the nC-17/pristane and nC-18/phytane ratios

to values of 1.1 and 1.0, respectively, illustrates the effects of microbial
deqpadstion. Surprisingly, the decrease in these ratios is not as great as

tfiat observed for Tank 1, although this is quite possibly due to the fact that
the oil sample from Tank 5 was scraped from the side of the tank and not taken

from the water surface. Unfortunately, some time during the four month
weathering period between A~ril and July, the water level in Tank 5 increased

and overflowed and much of the oil was lost. After the water level was re-
turned to the aoDroDriate height in the outdoor tank, the stranded oil was

then not subiect to additional degradation from water-borne micro-organisms.

This observation is in line with similar findings by BLUMER et al.

(1!773) where they studied stranded oil on intertidal rocks from the beaches of
Bermuda. In their studies, oil which was stranded in the upper intertidal

zones away from the water showed only limited degradation due to bacterial
~roc~sse~, and weathering was limited to evaporation and photo-oxidation.

212



The ctiromatoqram in Fiqure 5-~9D shows the water column extract of

the aromatic fraction under the oil after 4 months weathering during the

sprinq and summer months. In that the tank overflowed sometime during that

oeriod, it miqht a priori be expected that more of the water soluble compo-
ne~ts would be lost due to air-sea exchanqe. Furthermore, since the tanks

were maintained in a flow-through condition during this period, removal of

water soluble components by advection might be anticipated. There are still

significant levels of aromatic components remaining in the water column over
this time period, althougfi the lower molecular weiqtlt aromatics from benzene

through naphthalene have been removed.

As noted in Table 5-6, additional time series (up to 150 hours) sam-

ples artd chromatoqrams were obtairted on the other outside tank experiments
S?OWII schematically in Figure 5-32. Some of these tank ex~eriments  are con-

sidered in Section 5.2.5 which deals with longer term microbial degradation
results, and others are in various staqes of analyses and comrmter data reduc-

tion. As such, they will not be discussed further here.

5.1.3 Outdoor Wave-Tank Experiments -- Kasitsna Bay

As noted above, the outdoor microbial degradation tanks were utilized
for evaporatiort/rlissolution  experiments during the Spring 1981 proqram where

turbulence was induced from pro~eller mixing. Even with this approach how-
ever, the turbulence regime was not entirely satisfactory and did not closely

approximate that which would be observed in open ocean oil spill situations.
Therefore, durinq the Summer 1981 program, a 2,5CI0-L wave tank was designed

and constructed on the outdoor platform supporting the trace organic geochemis-

try laboratory at Kasitsna  !3a.y (Figure 5-40). The wave tank was equipped with

a 7-foot diameter paddle-wheel at one end, with eight blades driven by a one
horsepower electric motor via a chain/sprocket drive mechartism. To minimize

contamination of water or oil samples from the construction materials of the
tank itself, several precautions were taken. First, the tank was constructed
of marine plywood and then coated with two coats of 2-part epoxy. After the
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FIGURE 5-40. CONSTRUCTION OF THE 2,500 L MAVE TANK ON THE OUTDOOR PLATFORM
ADJACENT TO THE ORGANIC GEOCHEMISTRY LABORATORY FACILITY AT
KASITSNA BAY, ALASKA.
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FIGURE 5-41. INITIATION OF 16.5 L “OIL SPILL” IN THE 2,500 L WAVE TANKAT KASITSNA BAY, ALASKA. SEA-
WATER FLOW-THROUGH RATE OF 15 lJIIIIN PROVIDING A TANK TURNOVER RATE OF 1 TANK VOLUME PER
3 HOURS HAS BEEN MAINTAINED DURING THIS LONG-TERM EXPERIMENT. STANDING WAVES ARE GENERATED
WITH THE PADDLE-WHEEL SHOWN AT THE FAR END OF THE FIGURE.



eDoxy had cured for five days the tank was filled with seawater and the ;}adclle
wheel wave generation a~paratus was actuated and allowed to run for 48 Oours.

At a reduced paddle-wheel s~eed of 12 r~m, 4 to 8 inch standing waves could h?

qewrated, and when prr)qressinq waves, slightly out of phase with the standincj
wave oat~ern  randomly occurred, simulated wave breaking turbulence was ob-
tained. With a seawater flow-throuqh  rate of 15 L/rein and a tank turnover of

one tank volume p~r 3 ~ours, this then assured that any organics which would
be leached from the cured 2-Dart eooxy would be flushed from the tank during

t~is initial rinse Drocess. Furthermore, before any actual oil weathering
e~oeriments Wqrp ljndertak~n  the tank was completely drained and then refilled

with fresh seawater and allowed to run aqain for a period of 12 hours before
initiation of the actual oil weathering studies in September 1981.

After the initial curing and check out of the tank system, 16 !- c’f
Prudhoe Bay crude oil (Figure 5-41), were spilled into the tank and extended

Weathering  was then allowed  ~0 Occur with samples being collected over a 21-

day period as shown in Table 5-8. At each satnpling point, Tenax@ trapped air

samples were obtained to monitor volatile hydrocarbon

atmosphere at a distance of 3 to 4 inches above the

samples were obtained to measure the time dependent
molecular weiqfit aromatic compounds under these more

concentrations in the

slick, and 20-L water

dissolution of lower

realistic open ocea~

conditions. Oil samples were also obtained for compound-s~ecific  concentra-
tion determinations in the resultant slick and mousse (Figure 5-42).

When tfie oil was initially spilled, significant quantities of 1 to
10-mm sized droplets of dispersed oil were noted in the water column (through

a window installed in the side of the tank) and estimates of these dispersed
Oil concentrations are beinq obtained from examination of whole seawater ex-

tracts obtained at the time series intervals shown in Table 5-8. After approx-
imately 12 hours t,he significant dispersion phenomena ceased and the oil accu-

mulated at the far end of the wave tank away from the turbulence introduced by
tbe p~ddl~s.
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TABLE 5-8. COMPUTER LISTINGOF FROM WAVE TANK, KASITSNA BAY,
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FIGURE 5-42. ACCUMULATED PRUDHOE BAY MOUSSE AT THE QUAISANT END OF THE WAVE TANK AFTER APPROXIMATELY
48 HOURS OF SUB-ARCTIC AMBIENT WEATHERING DURING SEPTEMBER 1981.



Figure 5-L13 Dresents the flame ionization detector capillary gas chro-

matograms obtained on selected oil samples as a function of time. Clearly the

removal of lower molecular weiqht aliphatics  and aromatics due to evaporation/

dissolution ~rocesses  can be noted. Uhile clear loss of the lower molecular

weiqht comr)onents  is evident from these chromatograms, adequate trackinq of

the individual COMPOUnd concentrations can only be effectively completed with

the utilization of the comouter system. Each of the oil samples was analyzed

at t$e Kasitsna 13av facilitv on the HP 584fl gas chrornatoqraph which had been
modified to allow fused silica caoillary column analyses, and the digital

OU’tDUt data were stored on Maq17f?tiC ti3De. Upon return to the laboratory in La
Jolla, CA, these ta~es were then loaded into the DEC-10

Figures 5-44 and 5-45 present computer generated compound

tive to nc-zf)) for selected aliIIhatic COmDOUndS  in the

Dies. From these curves, quantitative rates for the

computer system, and

concentrations (rela-

whole crude oil sam-

losses of the lower

molecular weiqht components are being obtained, and in the Section 5.1.5,

Dedicted losses vs. observed behavior are discussed in detail. The approach

of normalizing the compound speciffic  data to nC-20 individual comppound con-

centrations on a fiq/g oil sample basis become difficult to interpret because
Of the factor of four increase in oil-in-water mass due to entrainment of

water dro~lets during the formation of the stable emulsion. Evaporation and

dissolution 10SSQS of n-C20 itself have been shown to be negligible during

this time frame, and as such this compound can be used as an “internal stand-
ard” against which other comDonent concentrations can be compared.

In conjunction with the oil and seawater sampling, larger volume sam-
ples of oil/mousse were obtained for density and viscosity determinations and

Table 5-9 presents the kinematic viscosity data for a limited number of sam-
ples which have been worked up to date. Density and percent incorporated

water data are being obtained at this time.

Althouqh these data are still in the preliminary stages

ment we anticipate that the results qenerated from the wave tank

will qo further towards contributing to our overall understanding

of develop-

experiments

of combined
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FIGURE 5-43.

.

, Jihaiiui.1 : ‘::
1,?~:., ;,, ,,,,,. ’-4 #
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FLAi-IONIZATI~N -~ETEC~~R-CAfi”~~A~ -i4S CHROMATOGRAMS OBTAINED
ON ?RUDHOE BAY CRUDE OIL WEATHERING UNDER SUB-ARCTIC AMBIENT
CONDITIONS IN THE 2,500 L MAVE TANK AT KASITSNA BAY. TIME-
SERIES SAMPLING POINTS AFTER THE “SPILL”: (A) O HOURS;
(B) 6 HOURS; (C) 12 HOURS; (D) 48 HOURS; (E) 10 D.4YS; AND
(F) 23 DAYS.
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TIME SERIES ORSERVED OIL CONCENTRATIONS

from Wave tank experiment WAVE 1

at 11.00 deg C

COMPOUNDS
❑ = 700 fiC-7
O = 800 nC–8
A = 1O(JU nfJ-1~
+ = 1200 nC–12
X = 1400 nC–14

L

)

1

I I I I I I I 1 I I {
.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 6

FIGURE 5-44,

10.0
Hours after spill

COMPUTER GENERATED TIME-SERIES PLOTS OF SPECIFIC COMPONENT
CONCENTRATIONS REMAINING IN THE PRUDHOE BAY CRUDE OIL SLICK
WEATHERING UNDER AMBIENT SUB-ARCTIC CONDITIONS IN THE 2,500 L
WAVE TANK AT KASITSNA BAY. ALL CONCENTRATIONS HAVE BEEN
NORMALIZED TO THE CONCENTRATION OF nC-20 AT EACH SAMPLING
POINT.
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TIME SERIES CE3SERVED OIL CONCENTRATIONS

from Wave tank experiment WA’E 1

at 11.00 deg C

COMPOUhWX5
❑ = 1700 nC–17
O = 1710 pristane
A = 180U 1.W-18
+ = 1815 phytane
X = 2500 nC–25

0.0 50.0 100.0 150.0 2(io.o 250.0 tio.o %0.0 4-60.0 4%.0 5&o 5&o 800.0
Hours a. ft.er spill

FIGURE 5-45. COMPUTER GENERATED TIME-SERIES PLOTS OF HIGHER MOLECULAR WEIGHT
COMPONENT CONCENTRATIONS REMAINING IN THE PRUDHOE BAY CRUDE OIL
SLICK WEATHERING UNDER AMBIENT SUB-ARCTIC CONDITIONS IN THE
2,500 L WAVE TANK AT KASITSNA BAY. ALL CONCENTRATIONS HAVE
BEEN NORPWLIZED TO THE CONCENTRATION OF nC-20 AT EACH SAMPLING
POINT.
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TABLE 5-9. KINEMATIC VISCOSITIES OF MAVE TANK MOUSSE*.

Sampling Time Viscosity @ 38°C (cSt)

Day O (fresh oil) 21.2

Day 2 432

Day 5 709

Day 13 2400

Day 18 2615

Day 27 2300

* in accordance with ASTM method D445
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sub-arctic oDen ocean oil weathering processes than any other field experiment

undertaken to date. That is, in this tank all of the interactive processes

which affect, the chemical changes which occur to spilled petroleum can be

allOWed to act under as nnarly natural conditions as DossibleG SDecificall.y,

t$e hiqh water turn-over rate in the tank will facilitate microbial population
chanqes from tidal cyclinq within Kasitsna Bay (GRIFFITH and MORIETA, 1980) to

be reflected in microbial degradation processes. The position of the tank
awav from the protective walls of th~ qeoctlemistry laboratory allows adequate

sunliq+t exposur~, and fresh water input from rain and snowfall are not affect-
ed .

Durinq the first three weeks of the wave tank experiment, daily

weather and integrated solar intensity measurements were taken (Table 5-10),

and durinq our upc~rnirlq scheduled sarnplinq trips to Kasitsna Bay in November

and January, lqR2, these measurement will be repeated. Biweekly air and water

temperatures are being collected in the interim b.y NOAA resident laboratory

manaqer. Because of the high turbulence in the tank and the relatively high

watr turn-over rates, it is anticipated that the system will remain unfrozen

during the winter months, therefore long-term weathering “open-ocean” effects
durinq sub-arctic winter can also be evaluated. Longer term degradation of

Prud$oe Bay rnOUSSP will also be ~ossible  and, as was noted above, time series
Samr)les for physical chemistry studies {viscosity, density, et”c.) were COl-

Iected alonq with samples for compositional analysis.

The edge effects from the tank walls serve to corral the test oil at

one end of the tank. As a result, the oil slick appeared to behave very simi-
larlv at the oil water boundary to the edge of large open ocean oil spills

such as the IXTOC-I blowout in the Gulf of Mexico (PAYNE et al., 1980). For

examDle, at the edqes of the continuous oil slick from the IXTOC spill, waves

were observed to break over the oil, creating a significant dampening affect
on the water surface. This wave action then either displaced the surface oil

“mat” downward 4 to !5 inches, after which it resurfaced or it forced its way
under the oil toward the center of the slick, where it folded over itself
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TABLE 5-IQ. WEATHER OBSERVATIONS DURING WAVE TANK EXPERIMENTS --
KASITSNA  BAY, ALASKA, SUMMER/FALL 1981.

Date Max. T Min. T Obsn. Temp. Precip. Radiation Comments
~n

9/9/81 -- --

9/10

9/1 ?

9/12

9/13

9/14

9/1 5

9/16

9/17

9/18

9/19

9/20

9/21

9/22

9/23

9/24

9/25

9/26

9/27

9/28

9/29

9/30

60°F 39°F

56°F 41 “F

53°F 40”F

51°F 40”F

53°F 44°F

56°F 455F

56°F 45°F

55°F 45°F

57°F 46°F

55°F 45°F

55°F 46°F

55°F 42°F

49°F 36°F

53°F 45°F

48°F 38°F

48°F 38°F

Missed

50”F 42°F

48°F 36°F

45°F 35°F

44°F 35°F

—

57°F (quantax 10CU) Clear

45° F

45° F

45°F

46°F

48CF

46°F

47° F

46°F

47°F

47°F

47° F

45°F

40”F

37°F

45° F

35°F

45° F

42° F

38° F

37°F

0.05 in.

0.06

0.09

0.45

0.42

0.53

0.31

0.62

8.0

7.29

5.5

5.0

3.43

7.68

5.36

5.05

4.96

5.63

6.57

6.95

8.08

7.25

6.05

Missed

0.06 5.50

6.3

6.27

7.05

Cl ear

Cl ear

Overcast

Overcast

Overcast

Overcast

Overcast

Overcast

Overcast

Overcast

Partly Cloudy

Partly Cloudy

Cl ear

Partly Cloud

Partly Cloudy

Snow Pellets

Rain

Rain

Rain

Snow-No accumulation

Snow-No accumulation

Observations made at 5:00 PM Local time
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erthancina  incorporation of water droDlets (PAYNE, 1981). Similar behavior was

observed in the wave tank.

As additional samples aro obtained during the November and January,

19~1 experiments, longer term weathering Dhenomena (combined microbial, photo-

chemical , disp~rsion and emulsification processes) will be elucidated. Fur-

ther, as the water samples obtained during the first 24 days are examined,
estimates on the gercent of t,% slick lost due to the initial dispersive

action of the wave turbulence may be obtained. Ultimately, these ciat~ will be

used in con,iunction  w i t h  Dredicteri kl’lavior f r o m  the oil w e a t h e r i n g  m o d e l  f o r

incorporation of dispersive phenomena into the overall oil mass-balance con-

siderations. Examples of preliminary matches of predicted vs observed losses

due to evaporation/dissolution are pr?sented  in Section 5.1.5.

5.1.4 Determination of Liquid/Liquid Partition Coefficients and Water Solu-

bil ities of Component Petroleum Hydrocarbons as a Function of
Temperature

In order to adequately predict evaporation/dissolution phenomena with
the oil weathering model, thermodynamic data in the form of equilibrium dis-

tribution coefficients are required to describe interphase mass transfer.

These data are typically referred to as Henry’s Law coefficients for evapora-
tion or liquid-liquid t)artition coefficients (M-values) for dissolution.

These data are used to describe how far from equilibrium the three phases are

in terms of concentrations, and the departure from equilibrium measured on an

arbitrary scale multiplied by the appropriate mass transfer coefficients yield
the mass flux across the phase boundary from oil into the water and atmosphere.

To determine the liquid-liquid partition coefficients (M-values) for
all of the components of

librium experiments were

known volumes of oil and

hours, with their phases

interest in Prudhoe  Bay crude oil , a series of equi-

undertaken at 3, 13 and 23”C. In these experiments

water were equilibrated in separator.y  funnels for 48

being vigorously shaken at time zero and then allowed
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to settle with occasional swirling over the first 24-hour oeriod. Additional

mixinq (swirl inq) was done 13 hours before sarnplinq and the DhaSeS were

allowed to separate without further agitation. Water and oil phase samples

were then removed and the samples were extracted with equal volumes of methy-

l~ne chloride (ROO ml).

Durinq initiaq a t t e m p t s  a t  M - v a l u e  d e t e r m i n a t i o n s ,  a  n u m b e r  o f  p r o b -

lems were encountered due to the formation of 1 to 5pm micelles  of dispersed

oil in the water column phase, and this problem was discussed in depth in

ADDendiX A. Incorporation of micelles into the aqueous phase led to anoma-
lously big~ l~vels of “dissolved” petroleum hydrocarbons (exceeding volubility

limits in some cases) in the aqueous phase. This micelle phenomenon yielded

M-value partition coefficients which were anomalously low, and with these

Y-values  initiallv predicted rates of dissolution of higher molecular weight

components were too hiqh. In addition to the microscopic examinations of the

aqueous DhaS% from these M-value experiments which confirmed the presence of
micelles, indirect evidence of micelle formation was obtained by the presence

of higher molecular weight n-alkanes in the aqueous phase. These compounds

have extremely limited water solubilities (less than 0.$ pg/L for compounds

with molecular weiqht greater than nC-18; SUTTON AND CALDER, 1974) and their
Dresencp in water column pxtracts were as @viclence of micelle formation.

Because of these initial difficulties due to the oil-in-water dis-
persions, a number of additional M-value  experiments were then undertaken

where the oil and water phases were not as vigorously agitated. Figure 5-46
presents FID capillary gas chromatoqrams of (A) the whole unfractionated oi?,

(B) the alic)hatic fraction of the surface oil , (C) the aromatic fraction of
the surface oil, and (l)) the unfractionated water column extract from under

the slick. Initially, M-value determinations were attempted using L/C frac-
tionated water column samples; however, only trace levels of aliphatic compo-

nents were detected in the fractionated sam~les, and some breakthrough of the

lower molecular weight aromatics (benzene, toluene, xylenes, and ethylbenzene)
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‘FIGURE 5-46. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS OBTAINED
ON SPECIFIC SAMPLES USED FOP COMPOUND SPECIFIC OIL/SEAWATER
PARTITION COEFFICIENT (M VALUE) DETERMINATIONS. (A) UNFRACTIONED
OIL; (B) ALIPHATIC FRACT~ON OF THE SURFACE OIL; (C) AROMATIC
FRACTION OF THE SURFACE OIL AND (D) THE UNFRACTIONATED  WATER
COLUMN EXTRACT BENEATH THE SLICK. (KOVAT INDICES ARE SHOWN
ABOVE MAJOR PEAKS).
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durinq the liquid column chromatoqrapb,y  was noted. This Phenomenon compli-
cated ratio determinations for oil D$ase atld water ~hase concentrations, so

later M-value determinations were completed using unfractionated water column

samoles. In that the majority of components which are sub,ject to dissolution

are aromatic hydrocarbons, this procedure does not limit the data obtained.
Figure 5-47 presents the reconstructed ion qas chromatogram of the water col-

umn extract, and Table 5-11 lists the identifications of the aromatic com-

pounds of interest.

From this latest series of ~artitiotl coefficient experiments,

M-values for individual compounds at various temperatures were obtained, Table
5-12 presenting the calculated values for oil/seawater partitioning at 3 and

23°C. These values were obtained using a sub-program in the Overall oil

weatberinq model called M-VAL, which matches the oil phase and water phase

specific  com~ound  concentrations by Kovat retention indices. Also shown in

Table 5-12 are the identifications of selected compounds as determined by the

GC/MS analvsis of the water column and fractionated (F2) oil sample extracts.

These values are then used in the evaporation/dissolution oil weather-

ing model as described in Section 4.0 of this report. The following Section

5.1.5 presents the results of predicted vs observed evaporation and dissolu-

tion behavior for specific compounds as measured in the evaporation/

dissolution chamber at 23 and 3°C and in the wave tank experiments completed

at Kasitsna i3a.y.

5.1.5 Predicted vs Observed Evaporation/Dissolution Results

As described in detail in the modeling section (4.0), two distinctly
different modelinq approaches are being taken in our efforts to predict oil

weathering behavior. The component-s~ecific model predicts individual com-
Dound concentrations in the slick as a function of time and the pseudo-

compound (or fractional-distillate on cut) approach allows predictions of over-
all oil mass balance. Output data from the component-specific approach pre-

dicts time series concentrations in the slick, air and water column based on
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RECONSTRUCTED ION CHROMATOGRAM (RIC) FROM CAPILLARY GC/MS ANALYSES OF blATER c0LuMt14
EXTRACTS FROMOIL/sEA~ATER  PARTITION COEFFICIENT EXPERIMENTS- IDENTIFICATIONS ‘F
THE NUMBERED PEAKS IN THE CHROMATOGRAM ARE’PRESENTED  IN TABLE 5-11.



thermodynamic oro~erties such as Henr,y ’s Law of constants, liquid-liquid parti-

tioning coefficients  and mass transf~r  coefficients.

Predicted vs observed water column concentrations for benzene, cyclo-

hexane and toluene were qenerated in the evaporation/dissolution chamber and

Preliminary results from these studies were described in our November 19?J0

Interim Quarterly Report. A much more so~histicated evaporation-dissolution

model has since been qenerated, allowing prediction of specific compound con-

centrations in t% water column beneath an oil slick.

A significant improvement in the model has come from the utilization

of Henry’s law coefficients in the calculation of the mass-transfer coeffi-

cient at the oil-air interface. Previously, only benzene, toluene and cyclo-

hexane were mOrlelwl, and since these compounds all have similar volatilities,

they behave in a similar manner. However, when considering compounds which
are much less volatile (e.g., narIt’Ithalane), water column concentrations will
Oeak much ~atnr than the concentrations of benezene, toluene, and cyclohexane.

This is due to the fact that the less volatile compounds leave the oil-water

~hases much more slowly, allowinq more time to transfer from the oil to the

watqr phase. The equations being used to predict water and oil column concen-

trations are those presented in the November Quarterly (PAYNE et al., 1980),
with changes being made only to the over-all &ass transfer coefficient at the

oil-air interface. Tables 5-13 through 5-24 present specific numerical outRut

for six selected comDounds examined in the evaporation and dissolution experi-

ments at 3 and 21”C. The output presented in these tables is all the informa-

tion needed to calculate the water and oil concentrations. The KW, KA, and KO
values are individual-phase mass transfer coefficients; the M-value and
Henry’s law coefficient was derived from the Antoine vapor pressure equation

and the const~nts, ANTA, ANTB, and ANTC are from REID et al. (1977). The
quantities A throuqh Z2 on the output are intermediate results used to calcu-

late the final concentrations. For the water column concentrations:

y = Z1*EXP(D1*TIME)  + Z2*EXP(D2*TIME)
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TABLE 5-12. OIL/SEAWATER LIQUID-LIQUID PARTITION COEFFICIENTS (M-VALUES)
DETERMINED AT 3 AND 23”C. (Continued).

M- Values Determined at 3° and 23° (continued)

Kovats M - Values Compounds

3°0il/30-wat 2302 -oil/23 °1-wat ~302-oi,,2302-wat

1589 7,880 1,730 1,440
1642 13,400 2,150 2,160
1715 71,800 ------ 9,460 methyl fluorene

1743 ------ 8,030 6,q53

1841 9,760 5,270 4,080

1867 30,100 11,900 10,800
2154 ------ 5,280 3,920

meth,yl dibenzothionhene

—,
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TABLE 5-12. OIL/SEAWATER LIQUID-LIQUID PARTITION COEFFICIENTS (M-VALUES)
DETERMINED AT 3 AND 23”C.

M- Values Determined at 3° and 23°

Kovats M - Values Compounds

3°0il/30-wat ~302 -oil f23°1-wat *302-oi , ,2302-wat

765

859

867

.992

923

953

961

967

979

992

1021

1035

1066

1086

1121

1163

1185

1199

1237

1284

1296

1316

1338

1343

1371

1425

1428

1461

1469

1476

1499

1510

1523

1528

1537

1546

652
2,660
3,030
2,730
8,840
13;400
12,100
14,900
10,800
------

14,800 ‘
3,530

68,800
10,740
57,300
------

5,570
------
------

3,900
35,800

30,400
------

10,100
3,210

128,000
67,000
------

5,670
58,300
------

23,300
47,300
------

47,400

4,600

688
2,690
3,060
2,260
8,520
14,645
10,800
13,600
9,350
11,200
5,830
1,990

-----.

4,290
6,530

26,300
6,720

19,900
5,180
1,110

14,900
5,320
4,690

951
466

------
------
44,500

889
9,030
6,910
7,130
6,120

10,000
7,930

925

583
2,250
2,550
1,900
7,310
14,800
9,370

11,800
7,840
9,080
9,660
2,450

38,800
2,530
12,600
22,000
6,900

15,500
5,240
1,070

11,000
4,830
4,060

951
424

93,400
23,200
53,900
1,000
6,920
6,590
6,460
6,610

10,600
6,660

714

tol uene
ethyl benzene
p-xyl ene
o-xyl ene
cumene
n-propyl  benzene
ethyl methyl benzene
mesitylene
C3 benzene
C3 benzene
p-cymene

naphthal  ene
C4 benzene
ethyl dimethyl  benzene
tetramethyl benzene
naphthal ene
naphthal ene
C5 benzene unsaturated
2-methyl naphthalene
C6 benzene
2-met hylnaphthal  ene
l-methylnapht!ml  sne

C7 benzene
dimethy?na  Dhthal ew
dimethyinaohthal ene

n-octyl benzene
C3 naphthalene

2-isapropyhaohtha  lene

l-isopropyl nauhthalene
trimethyl naphthalw?e
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TABLE 5-11.

1 methyl

COMPOUNDS IDENTIFIED BY GC/MS ANALYSES OF k!ATER COLUMN
EXTRACTS FROM OIL/SEAWATER PARTITION COEFFICIENT (M-VALUE)
EXPERIMENTS.

chloride (solvent) 22 C4 benzene

2 eth.ylbenzene 23 ethyl dimethyl benzene

3 p-xylene 24-28 C4 benzenes

4- o-xylene 29 t-amylbenzene

5 nonane 30 C4 benzene

6 C9H16 31 tetramethylbenzene

7 cumene 32,33 unsaturated C. benzenes

8 n-Dropylbenzene

9 ethyl methyl benzene

10 trimethylbenzene

11,12 C3 benzenes

13 decane

14,15 C4 benzenes

16-18 C3 benzenes

19 unsaturated C benzene3
20 methyl isopropyl benzene

21 methylpropyl  benzene

34

35

36

37

38

39

40

41

42

43

4
C4 benzene

C5 benzene

tetralin

C5 benzene

naphthalene

C2 indane

unsaturated C benzene
(possibly a ~thyltetral in
or a C2 indane)

methyltetralin

Z-methyl naphthalene

3-mthylnaphthalene
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TABLE 5-13. STIRRED TANK YODEL COMPUTER PREDIC-

TIONS FROM EVAPORATION/DISSOl_UTION
ETHYLBENZENE.

ED WATER COLUMN CONCENTRA-
EXPERIMENTS: KOVAT 854

ST I nREII  TANK IW)EL  FON K O V A T  (J57, KTNYLIWtZI?R~
I N O N  “1’NE  KKY04)AND . KW’ = :1 .Ooo[:+otl  , KA = I  .  30wR+(K3  , KO = 1. Ooor!+oo  Cwlln
N (01 L. WATFJI  ) = 2. 660 E+O:I  , II KNIIYS LAW (A 111/() I L) =
A rrrh  = I . 6N*E+ol  , ANTO =

4 .  0411F,+I!I  Ill NENS1 ON Lk’SS , A T  3 .000E+OO  DFE C
0.2’*IIK+OO.  ANI’C  =  -9. 990E+OI

NOI.E WT t)p  011.  =  2 .  INIoF,+02  , IN:NS lTY = [I. (wOE-O  1 CM/(:C
w = 2 .000L+02  ML, V W  =  3 .000 X+t)4  NL
XYI:IIO  = 4 .  740C+02 H lCllOCNAfW/CNAtl  (W 01  L  ,  ANRA = 6 .  170E+02 CM*CII
OVFJI-ALL  KW Al  WAISN-01  L  = ~ . 497};  +00 ~p,,l~
OVI:II-ALL  KtJ AT 01 1,- A!II = ~. 72G~-0~  (yq, 1111
.1 =  -6 .  16: IE-W.  II  = 2.: I17K-NO
(: = 9. 24 SK+OCI  . n = -1 .NOIK -(11
II = I 220 E-lJl
Ill =  -5.9115 E-02. m? =  - 1  .I119E-01
c1 . 6. 92(IE+O0  , IX = 4.671E+W
7,1 = 9.ot)lx-02. Z! = -v .001 K-OX
WATER  c0Nc}:Wf71i?  I oft l,FAKfj  AT ,) . I09E+O0 nouns
l\ll PJIE  .I’IIK WATIW  CONCkXt’lNATl  ON  ❑ :1. so  I C-W , AIW  TNE 01 L CONCENTRATION = 9.a12E+01
A  N O  mE coNtxwmvrl  oN I IAT10 (01 vwrrrm)  = 2. 6601!+M

noun 1120 O I L

0.20
(t. 4(I
w .60
0 . 0 0
I .00
!.20
I .40
1 . 6 0
1,110
2.00*.QG
2.50
2.7s
:1.00
:1.25
:1.50
:1.7fi
+.00
4.2S
4 . 5 0
6 . 0 0
I-i. oo

10.00
12. otJ
14. tJtl
16.00
10.00
2(8 .00
~~ .00
24.00
~(,.”,)
211.00
:10.  (N)
:12.00
3 4 . 0 0
:1(!  . ON
:Ili O(J
4{!  ,00
42. No
44.00

2.1 44E-03
4.1 l161i-tJ:l
6. f 30 F.-WI
7. 979X-0:1
9. i:lllli-o:)
t .i4t K-W
I . WNrK-02
1 .4!JIE-W
1. 5941!-W
j , 7~9~-02
I .0N9E-W
2. Wt71t-02
2. 176E-02
2. W6E-W
2. 426E-02
2.537 i? -0.2
2. 640E-W!
2.7:16E-02
2. IH4F.-O2
2. 91 X3E-02
II.  263E-OS
3. 470 F.-O2
:1.4J17E-W
:1. :174E-02
:1. I INIK-W
2. 964 E-W
~ . 7~4*:_{)~
2. 41rJE-02
2. 24 Nlt-wJ
2. w2f,lt-t12
I .U! 9K-(U
I . (.29E-02
I . 45 f,K-02
I . 29 W-W
1 .1 511E-W!
I . (xl 1$:-02
9. I 6W-0:1
0. \ 52 K-W. I
7. 244 K-0:1
6.4:16  K-0:1

4. 572E+W2
4.411E+W
4 .25 SK+W!
4. I 04E+02
:, . (,~’)~;+{,~
:1. [It 9K+02
:1. 6NSE+W2
:1. 554H+W
:1, 429K+W2
:1. :lollE+wti
:1. 16:IK+(U
:) . 0241.:+02
2. I191E*W2
2.7 f)5K+02
2. 64:  IE+02
:>. WNF.  +W2
2.417E+02
2.: II IH+02
.J . 21{)~,+\,.J
2. I I :IK+W
I .617K+02
I .1 :KIE+WJ
7. (,~J)~+(,  I
3. (I05E+0  t
:1.961 IL+(I  I
U.fllow+ol
2. 004E+W  I
I . 4:19K+0  I
I , 0401,:+0  I
7. 511 GK+(IN
3. 5119E+O0
4. I WE+OO
:1. I 44E+O0
2. 40{?lt+oo
I . oflllE+wo
I . 47 UE+O0
I . I 77E+O0
9, 56!!lt-ot
7, OWE-O  1
6. O: I$I!-W  I
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TABLE 5-14. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUiVIN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 867,
P-XYLENE.

S’rI nnw  TA N K  II(II)FH.  km lfOVAT  067, P-)( YLEnE
l;llO?l  ‘IIIE  KH’IWMIII),  l:W =  .:1. (1001:+00,  KA , I . 5(30!3+03  . KO = 1. 0(!0!?+00
M ( 0 1  l., WAW:II  ) , :1. OWl:to:l  , NKNIIYs  L A W  (Al]I/()(L)  . 4 .  (xIX-05 III !IXNS
,\ Nr,\  ❑ I , 61)9K+0  I , ANTI]  = 3. :V}7E+CKI  ,
rww.1:  wr OF 0 1  L  .  2 .  NINIE+ 02,

An’lw  = -5 ,7 W31j+o I
IM:Ns  lTY = II . NOOK -• I CN/(:f:

V() . 2 .0001,;  +02 Ml. , V w  =  :1. oo4tE+04 ml.
x/.Fllo = I  . 7 9 4  K+O:l PI I CNOCNANS/l:llAN  O F  01 L , AJIFJI  = 6. 170F+02 CM*CM
OVltN-Al.L  KW AT WAIWN-01  1. . 2. V971t+oo  cM/INi
{) VI: II-AI.L  MO AT 011, -A III = a . 7wJit-02 cm Iln
II = -6. 1 6 4  S - 0 2 ,  IJ = L!  . 034H-OS

cMANr
10NLIWS  , AT

(: - 9. 246 E+O0.  o = -1 .7901. : -01
11.1 .  W):JE-O  I

‘!’ = -$: Y;WH:  :2: -: :WWl(,1 =
41 = :1. w29!h  I , n = -:1 .029K-11  I
WATHl  CONCI!NTNAT  1 0 N  I>FAKS  AT ‘J .1 3511+00  Nouns
WIIEIIK ,rtl~ w~r~ll  CONcKNr[lAT,  ON  , I .I(dlc-1)1  , AND TIIlt  01  L  CONCI!NrllATl  ON m
,t Nl) ‘TN}:  I:ONCENIWATI  ON  IIATI () 10) l./WAT#:II  )  ,

a . 580E+02
9.(xloEtLxl

noun

(s .20
1# .40
(1. 60
(!. 110
I .00
1 . 2 0
1.40
1,60
I .00
2.00
“2 .’25
2 .!50
C.75
:1. ()()
:1.un
:). 50
:1.7(!
4 . 0 0

0 . 0 0
10.OO
12.00
1 4 . 0 0
16.00
111.00
~,, , (,0
22 .,)0

2+ .00
2 6 . 0 0
211.00
30.00
32.00
m .00
:16.00
:111.00
4(* . (JO
42. (N)
4+.00

4. 922s-02
4. IY24E-02
5. 8oolt-02
5.7s21; -02
6. 21 J21t-Ix!
6. 7791,;  -02
7. 242K-02
7. (17:llt-02
i-l . (!741!-02
0. 446E-02
0.791 P-(*2
9. I IOE-02
9 .40411-(E!
9. f17TF>-w!
I . l!l171t-o  I
I . I 59K-01
1. 163K-01
1. 1261i-01
1 .0651t-01
9.901 I!-(K?
9. IOOE-WJ
u . 294 ft-(H!
7. GloE-02
6. 7’69!:  -02
6.(!71)E-02
5.44:1s-02
4.nfmE-02
4. MIW-N2
n .lw$E-02
x . 440 K-(E!

O I L

I .7:1 I H+(M
I (,701!  +O:I
I .611 h+{!:{
I .G3rlK+W1
I . 500 K+{I:I
1 . 447 H+(KI
I . :19711 i{l:l
1 :Iml:+o:l
1 . :IOOK+():I
I .~fi~~+():l
I . 200 E+O:I
I . t 411 K+():I
I , 0911 E+O:I
I Ilmll:+o:i
1 . 0041.:+0:1
9, f,02K+t)2
9. I 114F. +02
0. 7114K+02
II.  4021,:+02”
II. (J:  IGK+W
6. I G71.:+!U
4. :1221:+02
:1. 040 K+(!2
2. I 4:  IE+02
1 .GISK+W!
1 . 0751,:+(!2
7, 664E+0 I
5. 49:IE+0 I
:1.962E+01
2. IWIIE+(II
2. I I: W+(*l
I ,5{,7K+01
I . 17W+OI
1).927 E+{M)
6. I17{,K+N0
Ii. :17!2H+O0
4. 2591,:+00
:1. 424 K+N()
2.79 I I,:+NO
2. :I04K+410

. 090E+o0 DFJ2  C



TABLE 5-15. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1021,
1-METHYL-4-ISOPROPYLBENZENE.

ST I RnED  TAR’K  146DEL FOR KOVAT  1021, 1 -!llTTllYL-4-  1 SOPnOPYLB
FIIoN  TIIE  KEYBOAIII),  KM = 3. 000r+UO  . KA =  1 .  GOOlt+O:l . K(I = t . oooE+oo  Ctlmn
N ( u I L/ WAIXN ) = I . 400C+04 . IIENIIYS  LAW (A IN/ul L) . 5. 463E-06  1)1 NI!NS 10NLHS  .  AT  3 .000E+OO  DFX C
ANTA = I . !P)4k+01 , ANTI]  = n %IVE+OO  , AN-W  = -7.0 Iw,+o  1
rw)m  wr fw o I  L  = 2. 0110E+02  . IM:NS I TY  = n . ntioE-41  1 Cfl/c(:
VII  = :. ,,4,,  )1.+02  FIL, vu = i : fN)Oit+u4  Ml.
X7.EIIO = 4. 5:101:+02 fl I (: NOCllAi4S/CllAN  0!.” n] L , AIIFil  = 6 .  17011+02  CFl*Ctl
OVI:N-ALL  KW  AI’  WATIV1-01  L  = 2. 99v I;+o0 cwfn
OVKII-AI.  L K(I AT o i l , - A t N  = o. 1271t-o:l  cm IIN
A  = -6. 169 E-W2,  U  =  +. i611E-06
c = 9, 25: IK+OIJ , D =  -2.  57(!lt-02
II = 3. U07L-02
01 = -2.466 E-02.  D2 =  -6.270E-OZ
c1 = 4 . 4 0 6  E+02,  Cf! = I . 2:i9E+o  I
Xl =  4.959 E-02,  Y,,  = -4.  ~JZ91t-02
W,\Tl:n  c4)N4xNTNAT  1 0 N  I’FAKS  A’r 2. 45n E+o  I nouns
WIIHIK  TnE WATEN  cONcE!fllIATIUN  ❑ 1 . 644E-02  . AND TNE  O I L
,1 N 1) ‘Tilt CONCliNTnAT  10f!  NAT I (J ( O I UWA’WII ) = I . 4noK+04

CONCENTllATIOli  =  2  .4XIE+02

noun

0 . 2 0
(! .40
0 . 6 0
0.110
I . ON
1 . 2 0
1 . 4 0
1.60

4.2s
4. m
fl.  oo
n . (10

10.00
1 2 . 0 0
14.00
I 6.00
III. (IU
xl . on
22. ON
24.00
ttt.  oo
:Ij  . ON
:14!.  ON
:10 .(IU
:14,  (m
:14..00
:11}  . O()
.1(1 ON
4 2 . 0 0
44. U(J

1120

n . 743E-04
7. 422E-04
I . 104K-0:1
1 . 4Li911-o:l
1. llonl’1-03
2, 1 50 E-0:1
2 .4 U7E-03
2 .U,  7~:_():)
:4. I 42 K-4KI
3.461  K-O:!
3 .rrtm:-o:l
4, 2: KIE-U3
4. t.07 K-o:l
4 .97 I K-o:l
Ii .:12UK-0:1
5. 676K-03
6.0  161t-0:1
6. :14111,:-u:l
6, 672 E-u:  I
6. 91 P)I!-00
11. 7:15 K-0:)
I .0691,: -02
I . ~~~~:+~
I . :15:llt-(r2

1 .II14E-OZ
1 . (,: ISI!-U2
1 .6’44E-02
I .641 K-02
1 . (.:101,:-02
I .612H-02
I .5117E-02
I . G37K-(U
I .n2:llt-(r2
I . 4116K-02
I .446 K-IH!
I .405H-02
I . :if&2K-u2

011.

4. S071.:+02
4. 4114E+02
4.40 I E+(I2
4.4:111  !:+02
4.41 GE+02
4. 39: IE+02
4. :{701t+&*2
4. :140E+02
4. :125K+(U
4. :IO:IE+02
4. 276E+02
4. 249K+02
4. XX2H+(12
4. I 9GK+02
4.  16111itOti
4. I 4! K+(!!2
4. I I 13K+02
4. 011 VE+U2
4. Uh:llt+ot
4. (H7K+W!
:1. nJl!iE+02
:1. 6921.:+02
:1. !N)9E +02
:1. :I:16K+W!



TABLE 5-16. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1185,
NAPHTHALENE.

~InIlF21  T A N K  F6X)l?l.  FOR KOVAT  I I nl$  , l! APlfTRALF.llE
FNoM “HII? KE’I’LIOANN  , K W  = O . 0001:+00, KA  ❑ 1 .  30(M!+03 , KCI =
N  (tJIl,/WAIER)  = !i . 3701:+0:1  , lIKNIIYS  I.AW (A I]I/01  L )  ,

I . 000E+09  Ctl/IIR
6 .  59nE-(17  III MI?NSI  ONLFl+S ,  AT  8. 0eOE+90  l)Ffl  C

A N’r,\ ~ I  .614E+OI  ,  ANI’11 . :1.9W2E+03, ANTC =  -7. l:\oE+o  I
NIN.I.  w ok’ 011,  ❑ 2. IWIWE+02  . IN:NS ITY = n .11001.:-0  I Cm/(:c
V(I = u .0WH+02 m , Vw = :1: (Nl191t*04  tn.
X7KR0  =  6 .200E+02 Ill CIM)CR/tNS/(;RAM  (W’ (!1 I .  ,  ARF’A  m
(ISJI;II-AI.L  K U  AT WATEII-01  L  .

6. i 7m.+w2  c?w.ctl
u . 99111!+ow cM/1111

(JVIUI-ALI, K() AT 01 1,-AI N = 9. IW1714:  -04 Cm.’llll
A = -6. 167  E-K!,  R = I . 107 E-*)5
(: = 9.2 WI!+O(). 1) = -4.71 1 E-():I
N = 6.047E-(12°
Ill .  -2.9{,6F.-O3 ,  lx? =  -6,:14! F.-(K2
(: I = 3.050E+(U,  w = I.m)lti+ol
xl = 9 .  W24E-(VJ  , ./.2  = -9. !ii!4F.  -(K!
WATKII CO NC KNIWAT  10N FFAKS  AT s . 0661?+ol  ROURS
WI I I;ll K TIIH WATEN  CONCENTRATE 10N = 7.[IIZI:-L12, ANR TNK  OIL
A No TIIE  CONCKNIIIATI  ON NA T I o (O  I IzWA!’1,:11  ) = 5. 7i’eE+03

w .20
0 . 4 0
0. m)
0. no
I .00
I . 2 0
I .40
1.60

:1. m
:1.73
4. ON

1120

1. 144E-4XI
2. 27X1:-():1
:1 .: IIIOE-0:1
4. 411 GE-(XI

n. 00
1 (I ,00
1 z .00
14. (lo
I 6,00
III  .00
~,,  . (,,)
~~ . (,,,

24.00
‘2(,  .00
al. 00
:1(! ,00
:K! .00
:14.00
3 6 . 0 0
:N) .00
4(8 . (N)
42.00
4 4 , 0 0

:1.  7(,6K-02
4. I ‘J4K-02
4.7411t-oY
5.21  7F.  -(K!
3, (,: IOE-W!
G ‘) I17K-W

7. 74$1{ -02
7. 7741! -00

COlfCENTNAT1  Ol!



TABLE 5-17. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1295,
2-METHYLNAPHTHALENE.

ST I nllIN,  T A N K  M(II)EL  FOII  KoVAT  1 2 9 3 ,  2-HtHYIYLtlAPRTllALltNIt
III(WI  ‘Illlt  KRYIWIANIJ.  KW  =  :i .00ou+()(l,  w = I . ml(llt+o:l.  I(O  = 1. 00r3E+O0  Ct’ldiR
N  (O II,,  WAIEN) = :1, 5not:+04  .
,! NrA  =

IIKNIIYS  LA W  (A III/01  I,) . I . 592 E-(17 1!1 NENS I oNI.Ess  , AT n . 000E+OO  l)F12  c
I .627E+OI  , ANrll  = 4.2:i7E+o:l,  ANrc =  - 7  ,4731t+ol

NOI.1:  NT OF 01 L  =  2 .  IWIOK+02  .  IN:Ns  Ill’  = II. nool’:-o t cM/(:c
V(1  = 2. 000E+N2 m., V w  =  :1. 000K+04 Ml,
XXKIIO  = . 260 E+O:1  HI (:ll(WXANS/(:llAN  OF’  (11 L , AIIKA = 6 .  17011+02  CMXCM
(IV I: II-AI.L  lW  AT wflrm-ol  I, = :1. 000K+oI)  mt/Im
OVIII-AI,  I. K{) 6’1 1)11.  -,\lll  ❑ 2, ,:1111)[.:–04  (W 1111
A ❑ -6. 169E-W,  II = I  72:tE-1)6
,: , 9 ,254 P.+(IO  , 1 )  ❑  - 9 , 9 3 1  F.-(PI
II = 6. I 221t-W!
I l l  =  -? .: I:14E-{14,  IK2 =  - 6 .  196K-02
,:, , I . U!xill+o:l  , {72 = s :III*F.+IW
xl = :1.547  K-LK! , 72 = -:1. 547k-o!!
llATIJl (; ONCENIIIATI(IN  I,EAKs  AT 7. 246E+0 1 I1(NJNS
WIIHIK  !rij~ w~rr,n coNcKr4TnAT  I t)n = :) . :t!!:ll:  -02 , Ai7D TIIF.  01 L CONCI?NTNATI  Oil = 1. 190E+08
ANII “1”1!1:  (:ONCKNIVIA’IION  IIA’I’10 (01 l./WAThM  } = 3. rNJol,:+04

noun

0 . 2 0
w .40
0 . 6 0
(1. IN)
I .00
I . ~“
1.40
1 . 6 0
I .110

:1.00
:1.2s
:1. w
:1.75
4. O()
4.23
4.54)
6.00
II. 00

10.00
!2 .00
14.00
I 6 . 0 0
I [3 .(N)
“2{* .00
.yJ  .(,,,

w .00
2(,.00
211. ()()
:{0  . o{)
:12.  m)
:14.  w)
:hh. oo
:111.00
4{b . N(J
42.00
4 4 . 0 0

1]2(,

4.316E-04
II. 57tlK-04
I . 279 E-0:1
I . (!9411-0:1
2. I II(ilt-():1
2 ..5 I Olt-( ):1
2.9 I OF.-w:l
:1 .: I06E-N:I
:1. (> V61!-CKI
4 .(lnl  E-03
4. 5571t-N:l
5 . 024 E-():1
(i . 41 Km-oi
K . (,:1,,  ~_,,:,
6. :11141;  -0:1
b .If!:llt-w.l
7.256 E-4):i
7. fdll  E-ml
n. 1 ONE-(X1
11. !51:IE-(XI
I . (! I161!-02
1 . :16 fiE-c12
I .{,12E-02
I . Ilmll-m!
2.02 f K-02
2. I I19E-N2
2. :I:17F.-OZ
2. 46i)K-02
2. ZIU1:-N2
2. 61 KII!-02
*.771  K-(YJ
2.ij491t-02
2 .v171i-w2
2. 0761!-02
:1. 02 NE-N2
:) . 07:  IK-02
:1.1  I 2E-lU
:1. I 4717:-02
:1.1761’:-02
:1.2021,:-02

011.

I . 260M+O0
I . 259 H+O:I
I .259 E+O:1
I . 259 K+O:I
t . 2.59  F.+0:1
I  2S9K+O:I

I . 2!i:l  K+N:l
I .25 I K+o:l
1 . 2411 K*O:I

I .2 I 91t+o:l
I .2171t+o:l
I .21 5K+O:I



TABLE 5-18. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTIf)N  EXPERIMENTS: KOVAT 1317,
1-METHYLNAPHTHALENE  .

ST IRRErl  T A N K  H(N)KL  F O n  KOVAT  I fl17, I -ML?ITlyLNArrrTrrALENE
FIIIWI ‘IIIE  KEYI)OAIII),  KW = :1. 0001:+00,  K,\  = I . 7001:+0:1  , KO m I . 000E+OO
r! ( 01 L/ WATEll  ) = 3. 040E+O+  , NI,NIIYS  I.AW ( A 111/()  I 1,) u I . 204 E-(17 Ill  mMs  1
AN1’A = I .6 WE+OI , ANTII  r 4. 2071;+  0:1 , ANI’C  = - 7  .rri4E+oi
r[ol,i;  W1’  OF  0! 1 .  =  2. IIIIOV+I)2,  IN: NSI’I’Y  = n . [N)olt-o I cM/cc
V(I  ❑ 2 ,000 E+ O:: ML, Vw . :) .{)!)  01,:+(}4  Ml.
X7ttl10  = 7. :1701:+02  H I CNWCNANS/4:llAM  Oh’ 01 L, A]llhl u
()\l P1l-Al.L KW A’r’ WA’~~11-{)1  I, ,

6. 17011+02  CM*CM
:1. o{ NII:+  (M) CM/1111

OVKII-A1.L  K() AT 01 I.-AI II ❑ I .Ilof!li-(wl  (: M/lIll
A =  -(). I’69K-02,  n  = 2. 029 E-{16
(: . 9. Uwr’;+ol)  ; 0  = -Il .  61 AK-O’I
II = (, . I 4nb:-02
Ill =  -S .W$(j F.-ll4 , D2 Q - 6  .2 WOli-02
(: I = 7 .: KI:IE+OU  , m = :1. (* I14K+O0
7.1 = 2 .4:14  K-02 , ’72 = -2 .4:!4F.  -O2
I;,rrl:n  CONCI.:N’rIIA’rI  {)N j,EAKS  #r 7. 676F,+0  I nouns
I, III:NF,  TIIE WAIYJI cONCltNl”llA’~1 ON  ❑ 2.: I12C-02, AND TOE  011.
,11!1)  TnE (. X) N(:ENI’IIA’I  10N llATl () 101 L/ WATKll ) = :1.040K+04

noun

(t. 20
(1,40
{! f,o
0,410
I >00
I . 2 0
1,40
1 .(,()
I .IN)

2.70
:1. (lo
:1.2G
:1.70
:i.73
4. (){)
4.*T]
4. Tn
(8. O(J
N.  ON

I w . (N)
1:.00
I 4 .(N)
16.00
1 n. O()
y,, . U(J
~,~  . ,),,
24. m)
2(!  .00
211.00
:Io  .00
:)2.00
:14.00
:If, .00
:111.00
40.00
‘1:  . (lo
44.00

112(1

2. v7:lrt-04
5, 941 VI!-04
11. nl)lllt-w
I . I f)71t-w:l
1 .4501,: -0:1
1 . 7X(JI!  -(1:1
2. 005  F.-():  I
2. 277s-0:1
2. rb$6K-N:i
2. 11( 21,:-0:1
:1.1  :IVE-00
:1.4611t-o:i
:1. i71)lt-(J0
4.09 f N-m
4. :190ri-o:l
4.70 I v-ml
4. 999 X-(KI
G . Zmf-o:l
Ii. rdll K-o:l
G . I166E-0:1
7.4111  K-.O:I
9.4 t I K-f):{
I.lllri-w
I . M I E-w
I . :19:  IE-02

01 L

7. :149E+02
7, :147K+W2
7. :146r’:+02
7. :1441:+02
7. :14:  IK+IK!
7. :1:1.4  K+(12
7 ! :IXIK+I12
7.:1 I CK+4!2
7. :10!21;+02

crn/rrn
10NLESS AT 3. t)ooE+Qo

—

CONCENTNAT  10N u 7. 02nE+02

DHC (:



CJ

: 1 : 1 : 1  :i
=:==
+ + + +. . . . . . . . . .
---=
T:l - -- - - -- - - -
* - : t -

. . . .
:1 :1--

$ 1 : 1 : 1- - -- - -
!11
-X=
t--s

L:&~
. . .

- - -

:1 :1?1 :1:1:1:1------ ------- -
11,(11,

. . . . . . . . . . .-A*. .  +*
---+-:L:=  --
-Ca-n-  L?

-..L-1 -  1 - 1 - - - - -
. . . . . . .

- - - - -  - -

?1:1:1
- - -
~77

~==

:1=*- - -.= “ . .
-1- L:

. . .
- - -

241



TABLE 5-20. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 867,
P-XYLENE.

~ 11111 FYI  T A N K  N( toF.L  FOIl KOVAT  1367,  P-XYLENE
imori  TIIE  I: EYOOANI),  KW  . :1, ($001:+00  . Ib$ * I . 500!?  +03 . KO *
N  (01 1./ WA’I’EII) =

1 .0001?+oO  CF1/HR
2.11001:+0:1.  II ENNYS LAW  (A I1l/(11  l . )  = 1. 220!l-04  Ill MKNS  ION1.!XS  ,

Anr#\  = I .6 N9K+OI  , ANIII = :1 .:1471;  +LXl,  ANTI;  ❑  -T .7 NoK+0,
IWIIJ:  wr I)F  Nit,  = 2. mw~~+of? , III;  NSI’I’Y  =  (), 000 K-{)1”  {;~/(;(;
VI) = 2. O(M)F.+02  ML ,  Vw  = :i .0(141K+04  ML
XZKIIO  = I .7941:+o:I  Ml (;lltM;llA!lS/(  ;llA}l  oi” {II [. ,  h]it?~  c

(’l  , 1 ‘iol?+02  !-XI*CM
()\llll-Ai.l.  Kw AT WA’IXN-01  L  = s. 997H+oo  cFi/Irn
OVKII-A[.  L KO Al’  OIL-AIII  . I . Wi’l!-()  I (: M/’llll
A =  -6.  16:IF:-w,  II  .  2,wi  K-(13
(: = 9 .  24 SE+(N)  , 1) c -4, IIN6K-O I
II  - 4. 199E-01
1)[ =  -(l. I IVE-02,  IW = -4.(11 II.; -(1 I
l;! , 2. {)7:11:  +{)(1  . (W . I .7 V2K+W1

IIT 2.

xl ❑ 9. 40’llt-02  ; r: = -v . 4wiK-02
MATITI  CO NUJWIIAT  10N I’FAKS  AT 4 .9 I *F.+(10  Nouns

\illl.Jl}:  TllE  WA”ll.:1:  CON(WNIWATI  ON = 6 . 0 7 0 1 : - 0 2 ,  AtII)  Tllll  01 L CONCIINTNATION  = I .702C+02
ANII  Til l:  (; ONI; I,:NIWATI (IN llATl () {01 l./  WATiUl  ) = 2. IN! OEILKI

NOUN
0.20
0.40
0 . 6 0
0. m)
I .00
I . 2( I
1.40
1.60
1 .1!0
~ , (,,)
~.~J
2. Go
2.75
:1.00
:1.:5
:!, m)
:1.73
* .00
.$.2s
4. no
(,.  00
u.oo

10.00
I 2 .(K1
1 + .00
1 t, ,00
111.00
.I,,  . ()()
22.00
24.00
2(. .00
211. (N)
:Ml . 0{)
:U .00
:1+ .00
:)(! 4JII
:111. O()
4(1 O(J
42. m
44 ,(NI

2.7071,: -02
2. .4.  IVH-02
2. I 1)7 R-W!
I .9 I IIH-02
I . tlv7K-02
I . !ML!E-(VJ
f . :KY)*:-(YJ
1 . I 76 X-(U!
I . (!4 I R-1x!
9. 21) NI-00
N . 1411E-0:1
7.2 f Oi:-{1:1
6.: IINJN-0:1

o I L

I .0 I ‘4H+w
:1. 9461.:+01
1. S71K+OI

2. WOK-N  I
2. 29’4F.  -O I
* .(1:101  ?-(1  I
t .706K-01
I . 511411t-{f  I
I . 4061t-O  I

t eoc+o I DEC c



TABLE 5-21. STIRRED TANK MODEL COMPUTER PREDIC”
TIONS FROMEVAPORATION/DISSOLUTION
1-METHYL-4-ISOPROPYLBENZENE .

ST I rrll IV,  TANX  tl(tnF.L  FOn K(lVAT 1021, 1 -Fi17rri7L-4-  I soPnol’YLB
1 Iltm Til l? KF,VIW)ANN  , r(w . :1.0001:400.  KA = I .  fio(llc+o:l,  K(1 = 1 .eOOE
N (() I l..  WA’I’KII  ) = 7. 3001:+0:1  , II KNNYS  I.AW (Aln/ol  l.) = 2. 040E-05  1,1 f!
,\NrA = I .T)4E+OI  , ANIVI  = :1. !i:l”lt+  (Xl,  ANr(:  =  -7 ,OIOE+OI
Nol.l;  W I ’  OF 011.  = 2. IN WIF.+02 . IN;N.S  ITY  = I I, IM)OK-N  I CN/(:(:
V(P = t . Oook:+w!  Nl,, Vw =
Xzlwo  =

:i : 00o1t+()+  to.
4.  0:1 Or.  +02 M l(; NOCll A14S/(;  NAM  (W (I1 1., An I?? =

(IV I’11-AI,L  KW Nr WA’YEII-011,  =
6 .  1701?+02  Ctl*CM

2, 9991:+00 cM/lm
{IV I: II-AI.1,  K(J  Al 01[.-AIII  ❑ 2. 96 VI:-(K!  cm,  IIN
,! =  - 6 .  16(IF-02  ,  N =  II 22:IE-06
(; , 9.251 I.:+{)  (). u = -9. 21i41,: -02
II = :1.571  E-UZ
It!  =  -!J.940E-412,  1 ) 2  =  - 9 .  512P-02
1;1 = 2.nn6E+ol  , (x!  = 4. U41K+W2
7.1 = I .04:ll;-ol  , Y.2  = -1 .04:  IE-01
WATHl  COMCENHIATI  ON I’IMK!3  AT I 31nE+o  I nouns
WIIHIE  ‘1’IIK WAIHI  CONCKNlllATl  O N  = I . 790}: -02 , AND TilE  01 L CORCl?NTllATIOrr
ANN m~ (: ONCKrnrnNr  I ON  NNr I o ( 0 1  L/IfATMt  ) = 7. mort+oo

ED NATER COLUMN CONCENTRA-
EXPERIMENTS. KOVAT 1021,

.00 Ctlm
lNS 10NLk:SS  . A T  2 .  lCiOE+O 1 DFC C

noun

0.20
0. +(}
(1. 60
(1. (IN
!.00
1.20
1.4(J
I . 6 0
I .110
:.00
2 .2 .”,
2 . 50
2.7G
:1.00
:).2s
:1. riu
:1. ifi
4. WN
4.25
4 . 5 0
t, ( m
N .00

i (D . ON
12.00
14.00
I (,.00
1 w . ()()
~,,  .,,,,
22.1)0
*4. 00
244.00
211.41,1
:10.  ON
:lL1  . !)()
:14.00
:Io  ,00
:111. (M)
40.00”

11~~

7. 3:16E-04
I . 44 fiti-(m
2. t :141.:-():1
2. IIm!l!-o:i
:1. 44illi-o:l
4.0751:-0:1
4. fdll  E-(1:1
r . 26 JIH-0:1
6. lKlf)E-o:l
6. :W191L-0:1
7. (!46K-1 ):1
7.(. IIOE-0:1
n . 2117 E-o:l
II. IJ61M:-(XI
9.42414:-0:1
9 , 95<,1,:  -0:1
I . (1461:-()!!
I .(*  I)7K-(K!
1 .1411: -02
I . II) ZH-4)2
1 . 4 0 9 1 : - 0 2
I .(.12K-02
I . 7:  NIK-(12
1 . 71 L!K-K!
1 .74171t-02
1 .75SK-03
I . (AJIK-W
i . tL!:lK-lr2
I . ri:16 K-02
I . +1:11:-02
I . :147K-02
1 . 2WC-02
I . I $41.:-00
1 . tTf,2 K-m!
9.7:121.:-11:1
1). I: V:lE-W:I
t]. IUZK-():1
7. :1691.:-():1

42. ON 6. (.l16K-ll:i
44.00  O.onrl!-{1:1

OIL

4. 447K+02
4 . :lhr*r.  +02
4.2117K  +02
4. 206 F.+(X!
4. 1291:+(X!
4. Ofi:ilt+  (v!
:1. V711K+02
:1. V()$K+W2
:1. IEEIK+()*
:1 .76:tR+lu!
:1. 677K+W!
:1. G9:IE+02
:1.51 VK+W2
:1. 4001:+02
:1.:171  K+02
:1.27  JEtw2
!1 . 200K+02
:1. I 271.:+()!!
:1. W$!il;+m!
‘2 . Vlmr,+m!
1! . 5V9F.  +O!!
2.161  H+02
I . 7911E+W2
I . 496E+02
I . 24(, K+W!
I . 0:171.:+(12
11. (146K+OI
7. 2WVK+W  I
f,.  f)l+l:+ol
3. 02( JK+(I  I
+ . I 9: II!+()  I
:1,504 K+(I  I
2 .V:il  K+(;I
2.4mlti+411
2.11%1  .K+WI
1 , 7YJK+II  I
I . .4441.:  +() I
I .* I: II.:+01
I .W191:+WI
ll,57tll:+lto

* 1. 342E+62



TABLE 5-22. STIRRED TANK MODEL COMPUTER PREDICTED MATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1185,
NAPHTHALENE.

ST I nnF,l,  T A N K  !!(o)rLL  Fon KOVAT  I I 05, NAp~ALEnF,
F] ION  ‘rll~  KF%’IM)AIII),  KW  . :1, 00{) I:+(W) , KA = I . !M)oE+(30  , KO =
N (o i l . /wA’ lFJt )  =

I .  ooert+oo  crvnn
6 .IWIOI:+03  , III:NMYS  LAW (All\/t)l  L) = 2 .  096 E-06°  l)! !lI?,MS1  ONT.ESS  ,  AT  2 .  loeE+Oi  DFfi  c

,\ Nl” A = I  .61’11;  +OI . ANrl) ~ :1. I) VZE+O:I  . ANIW  = -7.1 :)01,:+{)  I

1101.1,;  h“r  OF 01 L = “2. IIIIOK+02,  I) I; NSI’I”Y = II . (IOOK-()  I (;r4/LX;
V() ❑ 2. 0(  M)K+02  tlL  , VW = :! . 0001+” 04. Ml.
X’).1:.no  = O .D,),,~+,,~  ~, (:ll(~nAplS/(;llh,f  ,,~ ~, ,4, A,,EA . f). 170E+02  CM*CPI
IPJKII-AI.L KW AT WA’IXII -01 L  = 2. 999 E+O0 (: P1/lrrl
OVKII-ALI.  K(J AT (}1 I.-AI II = 4, 4741t-1  ):1 (;M, 1111
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TABLE 5-23. STIRRED TANK MODEL COMPUTER PREDICTED WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS. KOVAT 1295,
2“METHYLNAPHTHALENE.
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TABLE 5-24. STIRRED TANK MODEL WATER COLUMN CONCENTRA-
TIONS FROM EVAPORATION/DISSOLUTION EXPERIMENTS: KOVAT 1317,
l-METHYLNAPHTHALENE. ‘
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Fiqures 5-48 and 5-49 ~resent the predicted water column concentra-

tions at 21 and 3°C for the compounds Dresented in Tables 5-13 through 5-24.
T$ese fiqures cle~rly show the less volatile compounds persisting in the water

col umn. This is what has been recently observed experimentally as shown in

plots of observed  component concentration (Figures 5-25 and 5-31). The experi-

mental observations indicate that the naphthalenes tail-off much faster than
predicted. This rapid tail-off could be due to some other degradation mechan-

ism such as biological weathering (discussed in Section 5.2).

In qen~ral, the oredicted time of occurrence of the peak water con-

centrations is quite good, but the oeak concentrations do not always agree
wel 1. The prediction of the peak concentration is directly dependent on the

initial concentration and the M-value. While our M-value data represent
first-of-a-kind measurements, future determinations will no doubt yield im-

provements.

When utilizinq  the pseudo-component approach, characterization output

from the oil weathering model is in the form of distillation cuts (pseudo-

Comc)ounds) which remain in the oil slick as a function of time. Figure 5-50

presents time series plots of the predicted “distillation curves” from oil

wpatherinq at 13°C under natural environmental conditions, and Figure 5-51

c)resents normalized distillation curves for the “distillable components”.
Figures q-~? and 5-53 ~resent the observed h~~rocarbon  concentration distilla-

tion curves (real and normalized to total “distillable”) generated from the
wave tank qas chromatoqraohic  data discussed in the rlrevious sections.

The observed distillation fraction curves were generated by summing
all of the total resolved comr)onents in each chromatograrn  (as shown in Figure

5-43 in the previous section) by Kovat indices and then correlating these

cumulative sums with the recorded boiling point for each n-alkane throughout

tbe range of nC-7 through nC-28. These figures were generated using the pro-
qram PBDIST which is an inteqral ~ortion of the Overall  O’il weathering model.
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5.? Microbial Deqradatt&n  Studies

5.2.1 Summarv of Year I Activities

The major themes of the microbial degradation studies being conducted

in this program hav~ been: (1) examination of the degradation of Detroleum

cofmonents in t~rms of soecific comDounfl susce~tibilit.v,  (2) isOlatiOn  and

characterization of stable oxidized DtWrjlJC~S  arisinq from catabolic DroceSSeS,

and (3) quantification of the dpqree and rates of Dartitioninq of these !3rod-

ucts into ttie air, oil and seawater DhaSeS (i.e., away from the slick-seawater

interface).

TO r!et.armine  the extent of ~etroleum component ~artitioninq  attribut-

able to the purelv ~hvsical/ckrnical  (i.e., abiotic) dissolution and evapora-
tion ~rocesses occurrinq  simultaneously with microbial degradation, it was our

initial aDproach to create and maintain a biotic/abiotic contrast in flOw-

throuqti  seawater aquarium systems in order to limit microbial metabolic influ-

ence on slick disposition. As indicated in our November 1980 Interim Report,

considerable difficulty was encountered in maintenance of such a contrast

within thp continuously flowinq exc)erimental  systems. Continued efforts demon-

strated t?at ~ significant microbial/abiotic  contrast could not be maintained

for lonqer than 6 to $3 days, and results suggested that the main problem in

mainten~nce of such a covtrast is one of the residence time for bacteria witn-

in tfie experimental systems. If the fraction of the indigenous marine bacte-
ria which survive toe sterilization attempts (by UV irradiation and HgC12
Doisoninq) cannot ho flushed from the system at a rate substantially faster

than thp microbial Douulation  recovery dynamics (doublinq times), repopulation

and subsequential bacterial contamination of the “abiotic” experimental S.YStem

is apparently inevitable.

Since the elevated flow rates utilized for the most recent steriliza-
tion attnmpts  cannot be pxceede~  rJue to thn analytically detrimental  inflUenCe
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on petroleum comIIound and oxidation product recoveries, such attempts to cre-

ate and maintain this type of contrast were re-evaluated. A new experimental

aDDroach was fievelODpd, to facilitate continuation of the study of microbial
degradation of crude r)etroleum.

sp~ct to the emoirical needs of

sams time alleviating the necessi

within the experimental system.

Ouriftq the winter season

This new approach is quite viable with re-

the overall modeling efforts, while at the

ty for maintaining a biotic/abiotic contrast

of 19q0-81, definitive microbial degradation

studies
Scri DDS

aquaria

were initiated with the continuous-flow experimental systems at

Institution of Oceanoqraph,y. The operational parameters for the

included ~resence/absence of Corexit 9S27, flow rates which provided

aDDroximately one tank volume chanqe Der 24 hours, and Pruo’hoe Bay crude

Dntroleum at a volump ratio (oil-to-seawater) of about 1:200. Samples of the

seawater effluent (2O-4Il liters) were taken at O.EJ, 1, 2, 5, 10, 17, 24, 31,

38, 45 and ~(i days, acidified (to PH 2.0) and CH2C12 extracted. The bulk ex-

tracts were fractionated by liquid/solid silica qel chromatography into ali-

phatic, aromatic and polar fractions. The polar fractions are expected to
contain the ma,jority  of anticipated oxygenated products, and capillary GC-FID

and GC/MS analyses of selected samples lend suDpOrt to this hypothesis=

Seawater effluent extracts from weathered (Day 17) Prudhoe Bay crude

and extracts of fresh crude were analyzed by capillary GC/MS. The aromatic
fractions of the fresh crude and the weathered extracts (from two experimental

systems) demonstrated strong qualitative resemblance; however, the Polar frac-

tions of fresh and weathered crude extracts were significantly different.

Several tentatively identified compounds from the experimentally weathered

crude ~xtracts, which were absent in the corresponding fraction of fresh

Prudhoe Bay crude, strongly suqgest microbial degradation processes. These

tentatively include benzenemethanol, 4-methyl benzenemethanol, 3-methylbenzoic

acid, and a variety of phenols. Althouqh the proposed mechanisms of microbial

metabolism of Detroleutn hydrocarbons and

certain pathways hav~ been delineated as
the associated products are diverse,

being reasonably common with respect
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to catabolism of aromatic compounds to hvdroxyla ted and carboxylated moeities
(J!IRDAN and PAYNE, 1980). Additional GC/PIS characterization of both aromatic

and Dolar fractions from I)ay 45 s~a~ater effluent extracts were undertaken,

and the results are discussed below (see oxidized Product Characterizations).

5.2.2 Continued Studies - Year II

Two areas of ex~erimental

continuous-flow experiments were

Oceanoqraplly and at NOAA’s Kasitsna

experiments were conducted at SAI’S

effort have been undertaken: (1) the

continued at Scripps Institution of

Bay facility; and (2) the static tank

La Jolla facility. Results to date will

be presented below with major emphasis placed on the continuous-flow studies.

Continuous-Flow Studies

The continuous-flow experimental approach was designed with the in-

tent of orovidinq a dynamic characterization of marine microbial populations
and their inherent metabolic capacity for degrading petroleum components as a

function of interaction with ~etroleum. This can be described as the time-
dependent res~onse within the indigenous heterotrophic population towards a

greater relative abundance of h.ydrocarbonocl astic (hydrocarbon-degrading)

microbes, as indicated by a concomitant increase in degradation potential of

the system as measured by increased
14
C-labeled compound degradation. This

has been empirically demonstrated by increases in the rates of mineralization

to 14C~2 of selected
14
C-labeled hydrocarbons as a function of continued ex-

DOSUrf2 tO CrUd~ oil within the experimental  a q u a r i u m s .  Additional components

of t h e “r~s~onse  time” include (2) determinations of heterotrophic  bacterio-
olankton cjrowth rates from itlcorooration of tritium-labeled thymidine into
deoxyribonucleic acid (DNA) and enumeration of bacterial cells by epifluores-
cence microscopy; and (3) determinations of overall metabolic activity by

uotake of tritium-labeled leucine and glucose, and assays of relative meta-

bolic activity by microautoradiograohy.

256



4n EPA approved bacterial strain mixture (Petrobac@) was incorporated

into the experimental scheme (as well as in the static tank study). This

mixturp was developed by Polybac Corporation (Allentown, PA, U.S.A.) for cer-

tain oil deqrarlation applications and is composed of individual strains ori-

qinatinq from conventional selective adaptation and mutation techniques to

utilize sDecific compound types (e.g., hydrocarbons, phenols, etc.). The

blend also contains “background” microbes which are capable of degrading major
metabolizes from

this ~roduct was

substrate (e.g.,

not recommend its

interest in the

the socialized strains. It is of importance to note that

developed for rieqradation of oil in contact with a solid

beach-stranded petroleum) and that Polyboc Corporation does

application to open water petroleum spills. However, their
metabolic products arising from the interaction of the

Petrobac%mixturR with prudhoe Bay crude petroleum under the given experimental

conditions resulted in a high deqree of cooperation between SAI and Pol.ybac

(hrc)oration durinq the project.

It was also of interest to examine the influence of concentration

levels of available dissolved inorganic -3nutrients (P04 , NO-
2, NO

-
3, and

NH3) and dissolved oxygen upon microbial metabolic activities. To facilitate

this, a nutrient solution was introduced (via a Peristaltic pump system) into
two of the pxpprimental  aquariums to maintain elevated levels (with respect to

incoming seawater) and aeration of the Seawater  Supplylrtg  these two tanks was

Provided. The experimental matrix presented below delineates the combinations

of nutrient and dissolved C12 supplementation, as well as inoculation with the
Petrobac@ strains for each ex~erimental system. A schematic of the overall

system is presented in Fiqure 5-54 and the Figure 5-55 shows the completed

flow-throuqh  system as utilized at S10 and Kasitsna Bay.

Tank Prudhoe flay F1 OW Petrobac@ Nutrients/0 2

2 + + + +
3 + + +

5 + + +
6 + +
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FIGURE 5-55. GENERAL VIEWOF CONTINUOUS-FLOW EXPERIMENTAL SYSTEM AT KASITSNA
13Ay, ALASK4 FACILITy (ToP) AND CLOSEUP OF SYSTEM (80TTokI) WITH
ORIGINAL UV STERILIZATION!{ UNITS.
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Static-Tank Studv

The main purDose of the static tank experiment performed at SAI’S La

Jolla facility was to provide samoles (seawater extracts and weathered oil)

containing metabolic prodllcts arisina from microbial degradation of Prudhoe

Bay crude oil. Due to the inherent difficulty in recovering such oxidized

products from contirtuousl y-flowirlq aquaria, small static seawater aquaria (30

liter) were set UD with the following combinations of indigenous microbes,

petro~ac@ strains, fresh oil, artificially generated (shaker table) mousse,

dissolved oxvqen and

Phosphorous):

Tank

1

2

3

4

5

6

7

8

9

10

Indigenous
Microbes

+

+

+

+

+

+

+

+

+

+

nutrient sut)c)lementation (at two levels of

+

+

+

Fresfi
Crude

+

{

+

+

+

Nutrient levels were initiated at

(NHQNOq-N) and 1 p~ phosphorous (KH2POQ-P) ;

and 10’~M Phosphorous (KH2POa-P). Seawater

Mousse

+

+

+

+

Aeration
42L

+

+

+

+

+

+

+

+

+

+

approximately (1) 10

nitrogen and

Nutrients

+ (1)

+ (1)

+ (2)

+ (2)

+ (1)

+ (1)

+ (2)

+ (2)

FM nitrogen
and (2) 100pM nitrogen (NH4N03-N)

samples for nutrient and pH deter-
minations were taken weekl,y although the data are not available at the time of

this writing. After approximately 50 days the seawater was removed from each
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tank ( 30 liters), acidified to PH 2.0 and CH2C12 extracted. The remaining

oil was also samoled and stored frozen for analysis. The samples from this

experiment are beinq utilized for tfie Dortion of this ~rogram dealing with
development of analytical methods for polar oxidized petroleum compounds.

5.’2.3 Oxidized Product Characterizations

The objective of this Dhase of the oil weathering modeling study is

the identification of some of the major oxygenated oetroleum compounds which

can be found in the polar (F3) fraction in extracts of seawater with consider-

able ex~osure time to microbial weathering of surface slicks of Prudhoe Bay
crude oil. This section presents the results of the GC/MS analyses of two

such fractions. Fiqure 5-56 oresents the reconstructed ion chromatogram (RIC)

of the sample obtained from an outside aquarium oil weathering experiment from

Kasitsna Ray and could thus include some photo-oxidation products; and Figure
5-57 ~resents the RIC from the same (polar) fraction from an indoor aquarium

experiment conducted at SIO, and thus exposed only to a minimum of artificial

light. Tables 5-25 and 5-215 ~resent the tentative compound and functional

qrouo identities of the numbered ~eaks in Figures 5-56 and 5-57, respectively.

The peak identifications on peaks of significant size were obtained b.y comput-

er matching to the 3q,00fl com~~unds in the EpA/NIH  library of our Finnigan

4021 GC/MS system. The search oroqram selects five compounds which show the

best mass spectra data fit with the unknown compound spectrum and gives an
estimate of both fit and purity. The suqgested compounds were screened to

eliminate those compounds whose molecular weights or volatilities  were not

consistent with the relative GC retention time. In many cases the program

oroduced several ~ossible homologs of a suggested class of compounds, and we

plan to use selected standards of various compound classes to pinooint the

assignment of such peaks. Table 5-27 presents lists of standards (by func-
tional group class) which are beinq obtained for GC/MS retention time verifi-

cation and expansion of the spectral library data base. At this time, most of
the peaks existinq from GC/MS analyses of selected fractions can be labelled
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RECONSTRUCTED ION CHROMATOGRAM  (RIC) FROM GC/MS ANALYSES OF THE POLAR (F3) WATER
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TABLE 5-25. TENTATIVE COMPOUND IDENTIFICATIONS FOR THE KASITSNA BAY
POLAR (F3) FRACTION (see Figure 5-56).

Peak No.

1

2

3

4

5

6

7

8

9,10

11

12

13

14

15

16

17

18

19
Z-J

21

22-24

25

26,27

28

29

30,31

32-39

Scan No.

38

391

807

846

945

959

1003

1o11

1250(4)

1305

1415

1523

1746

1845

1888

?902

1949

1957
----

1994

2006-?100
----

2187,2201

2219

2348

2445,2456

2645-2951

Tentative Identification

Low molecular weight

C7 - C8 aldehyde

C9 - Cl o aldehyde or

C3 benzyl alcohol or

C3 benzyl alcohol or

ketone

alcohol

C4 phenol

C2 benzoic acid

o-(hydroxymethyl)  benzoic acid

C3 benzyl alcohol or C2 benzoic acid

Clo - C,l aldehyde or alcohol

C3 benzoic acids

C 3 tetrahydrobenzofurailone
Fatty acid

Dibenzylether

Fatty acid

Long chain aldehyde

Fatty acid

Long chain aldehyde

Long chain alcohol

Fatty acid, methyl ester

Unsaturated fatty acid

Phthalate ester

Fatty acids

Long chain aldehyde/alcohol

Fatty acids

Long chain alcohol

Fatty acid

Phthalate esters

Steroids
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TABLE 5-26. TENTATIVE COMPOUND IDENTIFICATIONS FOR THE S10 POLAR (F3)
FRACTION (see Figure 5-57).

Peak No. Scan No. Tentative Identification

1

2

3

4

5

6

7

8

9
10

11

12

13

14

15

16

17

18

19

20

21

22

42

110

680

788

850

909

915
----

----

1092
----

----

1698
----

----

----

----

----

----

----

----

----

Cyclohexanone

p-Methylbenzyl  alcohol

Methylacetophenone

2,5-Dimethylbenzyl  alcohol

o-Toluic  acid

m-Toluic  acid

p-Toluic acid

C2 benzoic acid

Acrylate or crotonate ester

3,4-dimethylbenzoic  acid

Acrylate or crotonate ester

Long chain fatty acid

Fluorenone

D-10 ohenanthrene  (internal std.)

Long chain fatty acid

Acrylate or crotonate sster

Long chain unsaturated fatty acid

Long chain unsaturated fatty acid

Long chain saturated aldehyde or alcohol

Phthalate ester

C8 phthalate ester (d.)

Steroid

265



TABLE 5-27. STANDARDS CURRENTLY BEING OBTAINED AND ANALYZED TO PROVIDE
RELATIVE RETENTION TIME AND QUADRUPLE MASS SPECTRAL DATA
FOR INCORPORATION INTO THE FINNIGAN  MASS SPECTRAL LIBRARY
AND VERIFICATION OF OXIDIZED PRODUCT COMPOUND IDENTIFICATIONS.

Acids

normal acids: c3to c
benzoic acid

129 C14’ C16’ and C18

2-ethylhexanoic  acid
2-naphthoic acid
terephthalic acid
undecylenic acid

Alcohols

normal I-al kanols: Cl ‘0 C123 C 4Y C16J cl& c20s and C2 2
straight chain, 2-alkanols: C340 C5
2,3-butanediol
cyclohexanol
2-ethyl -l-butanol
2-methyl -l-butanol
3-meth,yl -l-butanol
2-methyl- 2-butanol
3-methyl -3-pentanol
4-methyl -2-pentanol
2-methyl -l-t)ropanol
2-methyl -2-propanol
3-pentanol

Aldehydes

n-alkanals:
acrolein C 3

- C1 4

benzaldehyde
glutaric dialdehyde
2-methylpropanal
3-methylbutanal

Esters

methyl esters of normal acids: C
ethyl esters of normal acids: --:22

C;o Fpropyl esters of normal acids: z - 6
methyl eicosenoate
methyl eicosadienoate
methyl eicosatrienoate
methyl erucate
methyl 2-h.ydroxydecanoate
methyl 2-hydroxydodecanoate
methyl 3-hydroxydodecanoate
methyl 2-hydroxyhexadecanoate
methyl 2-hydroxytetradecanoate
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TABLE 5-27. STANDARDS CURRENTLY BEING OBTAINED AND ANALYZED TO PROVIDE
RELATIVE RETENTION TIME AND QUADRljPOLE  MASS SPECTRAL DATA
FOR INCORPORATION INTO THE FINNIGAN MASS SPECTRAL LIBRARY
AND VERIFICATION OF OXIDIZED PRODUCT COMPOUND IDENTIFICATIONS,
(Continued).

methyl 3-hydroxytetradecanoate
meth,yl methacrylate
methyl 4-methyl hexadecanoate
methyl linolenate
methyl nervonate
methyl oleate
m~thyl  palmitoleate

Ketones

normal 2-alkanones  C to
1?2,6-dimethyl -4-hepta one

2-heptanone
4-heptanone
isophorone
5-methyl -3-heptanone
5-methyl -2-hexanone
4-methyl -2-pentanone
3-pentanone

Phenols

4-t-butylcatechol
m-cresol
T,3-dihydrox.ynaphthalene
l,4-dihydroxynaphthalene
2,3-dimeth.ylphenol
2,4-dimethyl phenol
4,6-rli nitro-~-meth.ylphenol
2,4-dinitrophenol
~-ethylphenol
p-ethylphenol
T-naphthol
2-naphthol
2-nltrophenol
4-nitrophenol
phenol
2,4,6-trimethylphenol

Phthalate  Esters

di-n-alkyl:  Cl to C12
butyl benzyl
di-(2-eth.ylhexyl  )
di-isobutyl
di-isopropyl
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only by possible compound class wit4 a rather broad range of possible molecu-
lar weights. 411 GC/MS data from analyses of experimental samples are stored

on 9-track maqnetic tape, so additional compound searches and data manipula-
tion can and will bp comoleted  as data on selected standards are obtained.

Both samples, from our flow-through tanks at Scripps Institution of

~ceanoqraDhy and at Kasitsna Say showed an expected assortment of aldehydes,

alcohols and acids. The reconstructed ion chrornatogram  from Kasits~a  Bay

sfiowsd almost twice as many significant peaks as that from S10, including a

number of higher molecular weiqfit compounds with GC/MS data consistent with
several Steroirial  comDounds. In this instance, however, none of the specific

steroids selected from the library showed very close fit with the GC/MS data.
With few exceptions there were no sDecific assignments to the peaks of the

Kasitsna  Bay extract. Only the comDound class is assiqned and several  isomers

and/or homoloqs must be considered.

In Particular, the Scripps samDje does not show the diverse selection

of steroidal possibilities in the hiqh molecular weight region, although there
is a small broad Desk in that region of thp chromatogram which could possibly

be attributed to steroidal components. In this sample, several peaks show a

reasonably qoori fit with specific compound assignments: p-methylbenzyl

al cohol , the three toluic acids, and fluorenone, although the retention times
of these peaks need to be checked aqainst standards. In comparison, the polar

extracts isolated from fresh oil samples show nothing in this region. (See

Fiqures 3-1 through ?-4 in Section 3.0.)

It must be stressed that all of the compound and compound class

assignments presented here must be considered as tentative only. In many

cases, the GC/hlS data are not hiqhl.y convincing, and for many peaks the purity

is not very high. The GC/MS data were obtained from a quadruple mass spectro-
meter, and thus, are not comDletel,y consistent with the GC/MS data of the

library which were generated  on magnetic sector instruments.
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The qlass capillary/gas chromatoqraphic (GC2) data have been compared

with our set of existinq  standards which for the most part give only a rough

quide to the expected retention times for the oxygenated compounds of inter-

est . As noted above, atlclitjonal standards have been selected (based on these

initial comoouncl identifications) and ordered to facilitate these analyses.

4rfrlitional work is continuing on the following projects: (1) anal.y  -

Ses of additional Do13r fractions isolated from seawater extracts from the

static tank expe~iments PIUS other flow-throuqh ex~eriments from both SIO and

~laska; (2) derivative zation (methyl ation and/or trimethylsil  ylati on) of the

samDles for clarification of assignment of alcohols, phenols, and acids; (3}
selection and accumulation of suitable polar standards for GC2 retention  time

calibration and for more precise GC/MS data comparison (generation of GC/MS
data sets from known standards run on our quadruoole instrument); and (4)

acquisition of additional MS library data (Wiley Interscience  and in-house
laboratory standards).

5.?.4 Results to Date - Continuous Flow Studies (S10 and Kasitsna Bay)

Sam~ling Design

The continuous-flow ~xperimental  aquarium systems at Scripps

Institution of Oceanography (S10) and NOAA’s Kasitsna Bay facility were set uP
(Summer 1981) and run for at least one week Drier to initiation of each experi-

ment, to allow sufficient time for bacterial fouling, population buildup and

stabilization of the microbial community within the aquariums. The tanks
receivinq the Petrobac@ strains were inoculated with the bacterial slurry

(prepared as needed from the dry spore-containing mix SUPP1 ied by Pol.ybac
Corp.) each dav until Day 7 after initiation of the experiments. After Day 7,
the tanks were inoculated every other day for the remainder of the experi-

mental time schedule.
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The experimental aquaria and the incominq  seawater were samc)led for

;~ radiol abeled substrate assays (14C-hexadecane,  14C-methylnaphthalene,
3 3 3

C-naphthalene; H-qlucose,  H-leucin~,  H-thymidjne)  on Days II, I, 2, 4, 5,

6, 7, 9, 1?, 14, 16, 19, 21, 23, 26, 28, 30, 35, 42, 4g, and 56 at SIfj and on
t?e same sch~rlule UD to 13av 30 at !@sitsna Bay. Samples

fluorescence and autoradiography  assays were taken on Days
71, ~nd 28 for both experiments. Seawater samples (20

~etrol~lim  h y d r o c a r b o n  a n d  m e t a b o l i c  ~rocluct analyses were

for nutrients, epi-

0, 1, 2, 4, 7, 14,,

to 30 liters) for

taken on Days 1, 2,

5, Q, 1~, !?3, ~0, 43 and 5R at SIO and IJ~ to Day 3@ at Kasitsna 8~y. To ini-

tiate each experiment, a~~roximately  200 ml of Prudhoe Bay crude was added to

each exp~rimental aquarium shortly after sampling for the Day O assays listed

above. Flow rates through the tanks were maintained by peristaltic pumps

(Masterflex, ~019-D~rmer Corp.) to orovicle a seawater throuqhDut of about one

tank volume ( ?fI liters) per day.

14C-Hydrocarbon !kqradation

Me of t?e important “components” of the overall microbial response

to input of crude oil into the marine environment relates to the ability of
the naturally occurring heterotrophic microbes to utilize the petroleum as a

food (orqanic carbon) source. This capacity is referred to as “degradation

Potential”, and can be inferred from the relative degree of mineralization

(m~tabo~ism  to C02) of re~r~sentative Detroleum hydrocarbons. Should selec-
tion within the heterotro~hic  fraction of the indigenous population favor an

increase in relative abundance of hydrocarbon degraders, this should be re-
flected by a concomitant increase in degradation potential. One approach to

empirically define this potential, which is sensitive and reproducible, in-
14volves exposinq the microbes to a C-1abeled petroleum hydrocarbon substrate,

allowing sufficient time for degradation to occur with subsequent  trapping of
14

evol ved C02 and quantification by liquid scintillation spectrometry. This

armroach has been taken in various forms in past studies (HARRISON et al.
(1971); CAPARELLO and LA ROCK (1975); WALKER and COLWELL (1976); HODSON et al.
(]977)), however experimental conditions in most cases have made it difficult
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or t o t a l l y  i n f e a s i b l e  t o  e x t r a p o l a t e  r e s u l t s  to a r~al spill s i t u a t i o n .  we

have attmmted to utilize the degradation ~otential  approach with the continu-

ously flowinq seawater aquaria systems at S10 and Kasitsna Bay with the inten-
tion of providing emDirical information that would be useful in modeling the i
impact of microbial degradation of sDilled petroleum. Although caution must ‘~

be taken in extraoolatinq results from a study utilizing such “controlled

ecosystems” to oDen ocean spills, it is felt that our approach optimizes the
ability to wnpirically describe the imDact

metabolic Drocesses.

The degradation ~otential assay

of oil upon various microbiological

14
involves addition of a C-1abeled

hydrocarbon substrate to seawater samples from the ex~erimental aquaria and
incominq seawater, incubation in stoppered vials for 24 hrs. at in situ tem-

14
.—

oeratures, traprlinq of C02 and quantification by liquid scintillation sDeC- ,-

trometry (details Dresented in Appendix B). The labeled substrates selected
were 14C-hexadecane, 14

C-methyl naphthalene, and
14C-naphthalene. The selec-

tion was based uDon both availability and representation within the compounds

and

hr?q’

tia’

class tyoes found in Prudhoe  Bay crude, as well as other crude petroleums.

As indicated previously, the sampling points were concentrated at the

nninq of each experiment to best detect and describe any degradation pot2n-
increase followinq  input of Prudhoe Bay crude into the four experimental

seawater (from the master reservoirs) was also sam-

and assa,yecl to check for “background” hydrocarbon

aquariums. The incoming

Dlerl at eacfi time point.

degradation potential.

The data for the 14C-hydrocarbon degradation studies have been con-
verted to q/liter-day and are presented graphically in Figures 5-58 for S10
results and Fiqure 5-59 for Kasitsna Bay, Alaska. The assumption made for

14data conversion is that trapping and detection of the C carbon indicates
loss of Darent compound molecular structure even though total mineralization
(to C02) cannot be deduced. The results from the S10 experiment demonstrate a
cjramati~ increase in the a~oljnt of labeled s[jbstf.ate mineralized to 14C02
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within  4q firs after introduction of oil for all three

bexadecane was sliqhtly cleqradeci  although no ca~acity

inq the methylnaphthalene  and na~hthalene substrates

hydrocarbons. At Day O,

was apparent for deqrad-

for any of the samples.
The incominq seawater never demonstrated any cieqradation  capacity for the

aromatic COmDOUIIdS until Day 56, although the hexadecane  was degraded to some
extent with the Dattern (note Figure) being similar to the four experimental

Svst!ms. Tanks 3 and 5 (both with indigenous microbes only) demonstrated
sliqhtlv  qreater utilization of hexadecane  over the course of the experiment,

wit+ a Doak  Utilization  of anoroximately 5% of the added labeled substrate

(aqain note that percent degradation is based upon the label itself and not

the entire compound). All experimental systems followed similar trends (incom-
inq seawater included) with time with an overall degradation rate of roughly

1.5% of the ~~dnd substrate durinq any 9iv~n 24 hr incubation period.

In com~arinq the relative rates of degradation for radiolabeled  hydro-

carbon substrates, it must be emphasized that the loss of label (14C) from the

Parent molecule does not necessarily imply an “upper limit” on the amount of

substrate which has been oxidized by microbes. In other words, certain meta-

bolic conversions of the parent compound to other stable forms may occur with-

out loss of the label. In this case, the degradation rate, as based upon
detection and quantification of the last 14C label, would be an underestima-

tion of the actual amount of the original oarent substrate “attached” by the

microbial enzymatic systems, As will be noted below, the degradation data

Suqqest that the hexadecane substrate was degraded at much lower rates than
for

the
ent

ma v

either of.the aromatic compounds. However, it is entirely possible that

mode of metabolic conversion for the aliphatic  substrate renders the par-
compound into stable forms (e.g., carboxylic acids, acetates) which may or

not underqo further mineralization during the 24-hr period of incubation.

Roth of the labeled aromatic hydrocarbon substrates were degraded at
14

substantially higher rates (based on C02 production) compared to hexadecane
for the SI!l experiment. All four experimental aquaria seawater exhibited

quite similar patterns for methyl na~hthalene, with dramatic increases in the
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amounts of substrate mineralization within 48 to 72 hrs to approximately  11%9
with an average rate of roughly 6% per day over the 56 days of monitoring.

Less consistency between experimental systems is apparent for the naphthalene
data, although average degradation rates are comparable to those for methyl-

naphthalene. Two trends in the aromatic hydrocarbon substrates are worth

noting: (1) the tanks inoculated with the Petrobac@ mixture (tanks 2 and 5)

responded more slowly than tanks with indigenous microbes alone, particularly

noticable  for the naphthalene data; and (2) in the case of naphthalene, the

tanks with and without added Petrobac~ exhibited similar trends, although the
indigenous or “natural” tanks exhibited higher overall rates of substrate

degradation.

The 14C-hydrocarbon  data for the Kasitsna Bay experiment (Figure

5-59) demonstrated several similarities to the results from S10: (1) hexade-

cane was apparently utilized to a lesser extent than either methylnaphthalene

or naphthalene; (2) the incoming seawater demonstrated very 1 ittle capacity

for degrading any of the substrates; and (3) some similarities exist between

experimental tanks for the two aromatic hydrocarbons, although to a lesser

extent than with the S10 systems. Only in the case of methylnaphthalene was a

definite increase apparent in rate of mineralization for all four tanks after
introduction of Prudhoe Bay crude. Capacity to degrade hexadecane prior to

oil introduction was demonstrated by samples from tanks 2 and 5 (which re-

ceived Petrobac~ inoculation) and for naphthalene  in tank 2 only. Two addi-

tional trends which contrast the results from the S10 experiment are: (1)

greater methylnaphthalene  utilization for nutrient supplemented tanks (2 and

3) where nutrient supplementation had no apparent effect in S10 mineralization

rate data; and (2) rates of substrate degradation were substantially lower in

the Kasitsna Bay systems for all three hydrocarbons relative to the S10 experi-
ment. This could be attributable to generally lower metabolic activities due

to colder water temperatures, as they averaged 19 to 21°C during the course of

the S10 study and 9 to ll°C for the Alaska study. The epifluorescence  and

autoradiography assays will provide an indication of relative mocrobial abun-
dance and metabolic activity, respectively, between the S10 and Kasitsna Bay

systems. However, these analyses are still underway at the time of this
writing such that no definitive data are yet available.
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3
H-Labelled Substrate Uotake/Incorporation

To further assess the im~act of spilled Uetroleum upon microbial

heterotro~hic activit.yY it is necessary to determine influences on hetero-

trophic orociuction  (qrowth  rates), microbial biomass, general metabolic activ-

ity and relative metabolic activity (e.g., % metabolically active microbes

witfiin the fieterotropbic  population). The utilization of radiolabeled organic

substrates at near ambient concentrations for determining rates of uptake
anri/or incorporation  into cell biomass is a  viable ancl sensitive empirical

aDproach  and has been Dursued in p a s t  s t u d i e s  (AZAM and HOLM-HANSEN, 1 9 7 3 ;
!if)DSCIN et al., 1977; FUHRMAN et al., 1980; FUHRMAN and AZAM, 1980; GRIFFITHS

and MflRITA, 1981). The use of tritium-labelled organic compounds (sugars,

amino acids, etc.) of high s~ecific activities allows for direct measurement ‘

of uptake at near ambient concentrations (10
-8 to 10-g M) and precludes the

necessity of extra~olation usinq the Michaelis-blenten  equation (as is needed

when substrate concentrations are utilized which are greater than those nor-

mally found in the marine environment). -

The incorporation of 3H-th,~idine into bacterial DNA serves as a

reasonable measure of DNA synthesis and cell production, although several as-

sumptions and measurements are required for conversion of thymidine incor~ora-

tion data into production estimates (FUHRMAN and AZAM, 1980). The level or

rate of uptake (nmoles/liter-day)  is converted to bacterial cell production

rates (cells/liter-day)

marine bacteria. This
AZAM (in press, 1981),
shore (> 10 km) waters

average cell biomass by

with an estimation of the DNA content Of natural

conversion has been recently refined by FUHRMAN and

into separate coefficients for the nearshore and off-

studied (Southern California F!iqht). Estimations of

epifluorescence  photomicroscopy  allow for further data
conversion from production rates (cells/liter-day) to organic carbon produc-

tion (pg/C/liter-day). This is accomplished by determining cell size (volume)
distributions and correlatirlq the data to the amount of carbon per cell with a

conversion factor developed by WATSON et al. (1977).
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General metabolic activities have been determined b.y the
3H-ql ucose

and 3H-leucine. The specific techniques utilized do not differentiate between
substrate respired from that incorporated (assimilated) into cell biomass, and

therefore the overall uDtake cannot be used to estimate cellular production.
However, FUHRMAN et al. (1980) found significant rank correlations between

thymidine incorporation (ITIO1/1  iter-day), thymidine turnover rates (%/hr) ~

bacterial abundance or biomass (from epifluorescence microscopy) and glucose

turnover rates (oL/hI-) in the eu~hotic zone of the Southern California Bight.

Their results s~jqqest that these methm-ls  may be comparable for assaying rela-

tive total bacterial activity between water samples.

An additional component of overall metabolic activity, in relation to

the presence of crude petroleum, is that of relative or percent metabolic
activity within the heterotrop?ic microbial population at any point in time.

Although the eDifluorescence microscopy yields information  on bacterial abun-
dance and biomass, it qives  no indication  of the metabolic state or relative

activity. The latter tyDe of information can be useful in the interpretation
of the 3H-qlucose, 3H-leucjn~, and 3H-thymidine  assay data and is provided by

microautoradioqraphy. This iIPDrOach  gives indication of the percent metabol-
ically active het,erotroDhs as determined from the fraction of cells which have

taken up a radiolabelled orqanic substrate during a short period of incubation.

As details for the techniques mentioned above are presented in

~ppenciix B, it will suffice here to briefly describe the procedures. The

H-thymidine incorporation assay involves incubation of a seawater sample at

in situ temperatures for uptake and subsequent incorporation into DNA of added

labelled th,ymidine. The sample is filtered and the retained cells are extract-

ed to remove non-incorporated label, and the amount of incorporated thymidine

is determined by liquid scintillation spectrometry (LSC). The 3H-glucose  and
3H-leucine uptake assays are very similar to the thymidine procedure exce@
that no extraction step is performed to remove intracellular DOOIS prior to

quantification of retained label by LSC. In the epifluorescence  techniques
the cellular DNA is stained with a fluorescing dye, the sample is filtered and
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t?e retained cells are counted and photographed under a phase contrast micro-

code fitted with an euifluorescent illuminator. The microautoragiography

procedure is actually a combined autoradiography/epifluorescence  technique in
that cells are both radioactively and fluorescently labelled resulting from

uDtake of 3H-leucine and DNA staininq with the fluorescent dye, resr)ectively.

The sample is filtered and the filter is treated with a photographic emulsion

and develoued. The cells havinq sufficient radioactivity from substrate UP-

take have silver qrains associated

from epifluorescenc~ examination to

cates the Dercentaqe  of active cells

w i t h  them, and comparison of total cells

cells with associated silver grains indi-

present at the time of sampling.

The 3H-thymidine incorporation, 3H-leucine  uptake, and
3H-glucose

uotake d~ta for the S10 and Kasitsna Bay experiments are presented graphically

in Figures 5-ISCI and 5-61, resr)ectively. All data have been converted to uP-

take rates in nmoles/liter-da,y  and are beinq normalized to uptake on a per bac-

terial cell basis at the time of this writing.

In the S10 thymidine incorporation experiments, all four experimental

aquaria demonstrated similar ~atterns in terms of an initial increase in in-
corporation rates after introduction of oil, followed by a qeneral decline and
periodic fluctuations during the 56 days of monitoring. Higher rates of in-
corporation were apparent in the Petrobac@  inoculated tanks (2, 5), which may

be attributable to higher overall numbers of cells. The incoming seawater
remained relatively inactive during the course of the experiment, and this may

also be attributable to the relative abundance of bacteria (abundance data
will be discussed below).

The Ieucine uptake data from the S10 experiment appear difficult to

interDret due to the large fluctuations with time and between experimental

s.YstemS. However, there is a significant difference between Petrobac@ inocul-
ated tanks (2, 5) and the tanks with “natural” microbes only (3, 6) in that
the Petrobacm tanks demonstrated a sliqht decrease in leucine uptake after oil

introduction whereas tanks 3 and 6 exhibited a sharp rise in uptake rates
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followed by declines. Some stability in trends among the systems is apparent

after two weeks which in some cases paralleled trends of the incoming seawater.

The S10 glucose uDtake data demonstrate a general decline in rates

after oil introduction with exception to tank 6. The Petrobac@ inoculated

tanks (2, 5) exhibited hiqher rates of uDtake over the course of the experi-

ment and this may be attributable to hiqher bacterial abundance. Tanks 3 and

5 behaved verv similarly to the incominq seawater for this Particular sub-

strate.

The thymidine  incorporation data for the Kasitsna Bay experiment bear

resemblances to the S10 results in that (1) a general increase in thymidine
incorporation is apparent after oil introduction with roughly the same period

of resDonse, and (2) the Petrobac@ inoculated aquaria demonstrated generally

hiqher rates of incorporation. Epifluorescence data for the Kasitsna  Bay

experiment are not available at this time, so references to relative microbe

abundance cannot be made.

The leucine u~t,ake  data for Kasitsna Bay are difficult to interpret,

as was the corresponding S10 data, due to variance between systems. The

PetrobacO innoculat.ed  tanks (2, 5) demonstrated no real impact from oil intro-

duction and had generally higher levels of uptake. The tanks with “natural”
microbes otIly exhibited a drop in Upt,al(e  after oil introduction, however this

flro~ was also at)Darent  for the incoming seawater which supposedly had never
been e~~Osed tO sDilled petroleum.

The glucose uptake data from Kasitsna Bay bear resemblance to that

from S10 in that (1] most systems demonstrated some decline in uptake and (Z)
the Petrobac@ inoculated systems showed qenerally higher uptake rates, where

the other experimental tanks (3, 5) more closely followed trends of the in-
cominq seawater.
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As indicated previously, bacterial abundance data from eDifluores -

c~nce microscopy is available only from the S10 experiment at this time”

Samples were taken for epifluorescence  counts from each exc)erimental aquarium

and the incominq seawater every day for the first week and then on a weekly
basis. The i n c o m i n g  s e a w a t e r  c o n t a i n e d  a p p r o x i m a t e l y  106 cells/ml throughout

the study and this was stable.

Tbe tanks receivinq  Petrohac@ inoculations (2, 3) averaged roughly 5

x ~n6 cells/ml with tank 2 demonstrating the qreatest variations including a
larqe increase OrI Day 7 to 3Z x 106 cells/ml, followed by a decline to Rre-

vious levels. The tanks with “natural” microbe populations (3, 6) contained
a~DroximatelY ~ ~ ]~6 cells/ml and were relative~,y Stable.

The euifluorescence  pfiotomicroscopy for counts and biomass determina-
tions, as well as the microautoradi ography for all remaining samples from the

S10 and Kasitsna  Bay are being completed at the time of this writing.

!@lations  Between 14C and 3H Substrate Assay

T O determine if any relationships exist between  the degradation of

the ‘4C-labelled hydrocarbons
3

and uutake/incorporation of the H-labelled

Orqanic substrates, the data for each experimental system were plotted individ-

ually to include all substrates for the given experiment. The results from
the S10 study are depicted in Fiqures 5-62 to 5-65, and for the Kasitsna Bay

study in Fiqures 5-66 to 5-70.

A S noted previously, a dramatic difference in degradation rates of

hexadecane vs methylnaphthalene  and naphthalene appears to exist for all ex-

wrimental systems for both the S10 and Kasitsna Bay studies. The aromatic

hydrocarbon substrates were degraded at significantly higher levels than the

aliohatic compound, which seems to be in contrast to trends arising in many

Dast studies (JORDAN and PAYNE, 1980). !30th aromatic hydrocarbon substrates
were deqraded at comparable rates for all systems in each experiment, and the
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patterns (relative rates) were also very similar between the two substrates in

most cases. However, it must aqain be emphasized that the relativelqrates of

degradation between label led substrates, as based upon 10SS of the C label,

does not inwly an uDper limit on the actual amount of parent substrate under-

qoinq metabolic conversion during the qiven period of incubation. This con-

sideration could most certainly neqate the apparent contrast in rates of de-

gradation between the aliphatic and aromatic substances.

To further assess the sound~pss of utilizing data from this empirical

a~proach for qenerati~g rates of degradation, it would be valuable to examine

the ~artitioning of ttie parent labeled hydrocarbon substrate and associated

metabolic products into the bacterial cell material and surrounding water

Col Ulml . This would be heloful in evaluating the a~oarent rate data for any

qiven Iabelled substrate in that the apDroach would not rely solely uPon loss
14 14of the C label (to C02), and evidence of metabolic conversion of the par-

ent compound” without loss of label can be obtained. To facilitate this evalu-

ation in future experiments, we will determine the relative concentrations of

Iabelled hydrocarbon substrate in the polar and nonpolar fractions of both

cellular extracts and surrounding seawater (filtrate) for samples incubated

with a qiv~n 14C-labelled hydrocarbon. The bacterial cells will be isolated
by filtration and then the filter and filtrate will be extracted with the

a~pro~riate  organic solvent. The polar and nonpolar fractionation can be
accomplished wit$ liquid solid (silica qel), column chromatography procedure,

and the radioactivity for the fractions can be determined by liquid scintilla-
tion spectrometry. The polar fractions for both the cellular and water (fil-

trate) extracts should contain metabolized components and the nonpolar frac-
14tions should contain ~arent substrate. Since only the C label will be cie-

tectecl, interference from other components (e.q., polar lipid ma~erial) is not

a problem. The activity of all fractions together with the trapped 14C02

should Drovide for a mass balance determination for the amount of labelled
hydrocarbon substrate originally added to the seawater sample.
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ln terms of relations between the 14C and
3H-label led substrate

trends, only in tanks 2 and 3 for the S10 study was a definite increase in
hydrocarbon  substrate degradation present which paralled increases in rates Of

th.vmidine incorporation and glucose and leucine uptake after introduction of

oil (Fiqures 5-62, 5-63). In most cases, no apparent impacts on the
3H-labelled substrate incorporation/u~take rates followinq  oil introduction

are obvious from the data. This is particularly true for the systems receiv-

i~q the Petrobac~ inoculations. It should be noted however, that the experi-

mental aquaria in the Kasitsna Bay studv demonstrated genera~l.Y lower rates of
14C- and 3H..labelled  substrate utilization (relative to the S10 study), and
that “experirrtent~l  noise” frm variance inherent in the techniques maY tend to

obscure qeneral trends unless they are highly prominant.

10 summary, the trends which are most apparent in the data for the

continuousl y-flowinq experiments conducted at S10 and Kasitsna Bay ape the
followinq:

o

0

0

0

0

0

the 14C-hexa~ane  apoeared to be degr~ed at much slower rates
than either C-meth.ylnar)hthalene or C-naphthalene  (note pre-
vious statements on interpretation of relative rates).

both aromatic hydrocarbon substrates were utilized at comparable
rates with patterns (relative rates over time) following  closely
in most systems.

generally lower rates of degradation were auparent for the
Kasitsna Bay study relative to the S10 experiment.

~~ most cases, dramatic increases in degradation rates for the
C-hydrocarbon substrates occurred within 48 hrs. of oil intro-

duction.

nutrient supplementation had no apparent influence on degrada-
tion rates except for some slight evidence in the Kasitsna 6aY
study (note Figures 5-66 vs 5-68, and 5-67 vs 5-69).

Increases in 3H-thymidine incorporation into cell DNA were aPPar-
ent after oil introduction for the S10 data and to a much lesser
extent for the Kasitsna Bay study.
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o high
most
pact

o only

variance in the 3H-glucose  and 3H-leucine  data exists for
experimental systems in both studies with no apparent im-
from oil introduction except for some initial trends.

in two of the experiment@ aquaria (S10) ~as there a con-
comitant increase in both C-labelled  and H-labelled  sub-
strate utilization after introduction of Prudhoe Bay crude.

Further Data Development - Relationships to Modeling Efforts

To evaluate the removal of petroleum components from the slick-

seawater interface due to microbial degradation, certain extrapolations may be

made from 14
C-hydrocarbon degradation rate data. This approach will give an

approximation of microbial ly-induced compound removal to help in development

of the proper algorithms. The question to be answered by such approximations

is one of relat~ve  significance (e.g., compared to dissolution, do microbes

help to remove substantial amounts of organic carbon?). The existing rate

data for the 14 C-hydrocarbon substrates will be converted to total petroleum

hydrocarbon compound rates by utilizing the relative abundance of hexadecane

to aliphatic content and the relative abundance of methylnaphthalene  and

naphthalene to overall aromatic hydrocarbon content of Prudhoe Bay crude.

~is type of extrapolation is forced to assume that hexadecane is a “typical”

aliphatic  and that methylnaphthalene  and naphthalene are “typical” aromatics

in terms of biodegradability. This approach also says nothing for residual

components; however, it will serve as a first-estimate of microbial impact

upon overall dissolution. The 14C-substrate data will also be normalized to a

“per cell” basis for estimation of uptake of organic carbon into the bacterial

biomass. Completion of the epifluorescence analyses will be required for

this, so estimates (e.g., mass of C/liter-day uptake) cannot be made at this

time.

As previously indicated, the rates of degradation for a particular
14C-labelled hydrocarbon substrate are based upon the 10SS and subsequent

detection of the label (14C in 14C02), and this may lead to an underestimation

of the actual amount of parent material metabolized during the incubation

period. Efforts are being undertaken to provide a basis for evaluating each
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of the three substratus in terms of a mass balance approach. As described in

Section 5.2.4, the approach can provide evidence of metabolic conversions
14without loss of the C label and this would then infer an underestimation of

the metabolism rate as based upon detection of ~4cr12. If a mass balance can

de derived, 14thetl corrections can be made on existing C02 data for better

estimations of degradation rates (with “degradation” defined as 10SS of parent

com~ound  molecular structure).

The 3H-t$vmidine data are being utilized to estimate bacterial second-

ary production by taking into account the averaqe DNA content of cells and the
average organic carbon content (related to cell volumes). These production

estimates will be compared to organic carbon
14

uptake estimates from the

C-substrate data to see if organic carbon flux information can be derived.

5.2.5 Petroleum Hydrocarbon Analyses from Selected Flow-Through Microbial
Oeqradation  Experiments

Limited-Term Hydrocarbon Analyses -- SIO

Attention will be

tracts from the S10 study,
qas chromatoqrapfiy  for the

~leted at this time. The
present the aromatic (F2)

limited in this section to selected seawater ex-

as all petroleum hydrocarbon analyses b.y capillarY

S10 continuous-flow experiments have not been com-

chromatograms depicted in Figures 5-71 to 5-73 re-

and polar (F3) fractions (silica gel liquid--solid

chromatograohic  fractionation) analyzed by fused-silica capillary gas chromato-

graphy witfi flame ionization (FID) detection. The fractions are from the

CH,C12 Seawater extracts for tanks 5 (petrobac@  inoculated) and 6 (“natural”

microbes only) for several sampling Doints (Day 2, 5, 9, and 23 days).

The aliphatic (Fl) fractions from all seawater samples analyzed to
date for the S10 study contained onl,y trace amounts of aliDhatic hydrocarbons,

which is to be exoected since the less volatile higher molecular weight ali-
phatic com~ounds, which would have a longer retention in the oil slick, also
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FIGURE 5-71, FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRI.U4S  FROM
SCRIPPS INSTITUTE gF OCEANOGRAPHY WATER COLUMN AROMATIC
FRACTIONS FROM TANKS 5 AND 6: (A) TANK 5, DAY 2; (B) TANK
5, DAY 5; (C) TANK6, DAY 2; AND (D) TANK6, DAY 5.
(IS ‘-INTERNAL STANDARD) .296
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FIGURE 5-72. FLAME IONIZATION DETECTOR CAPILLARY GAS CHRO14ATOGRAMS FROM ———-
SCRIPPS INSTITUTE OF OCEANOGRAPHY WATER COLUMN PWAR..E~CTIONS
FROPI TANKS 5 AND 6: (A) TANK 6, DAY 2; (B) TANK 6, DAY 5;
(C) TANK 5, DAY 2; AND [D) TANK 5, DAY 5. (IS = INTERNAL
STANDARD).
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FIGURE 5-73. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROMATOGRAMS FROM
SCRIPPS INSTITUTE OF OCEANOGRAPHY WATER COLUMN POLAR FRACTIONS
FROM TANKS 5 AND 6: (A) TANK 5, DAY 9; (B) TANK 6, DAY 9;
(C) TANK 5, DAY 23; AND (D) TANK 6, DAY 23. (IS = INTERNAL

298 STANDARD).



have low solubil ities relative to the more volatile (e. g., CH4 to nC5) ali -

phatic com~onents.

The chromatoqrams  in Fiqure 5-71 demonstrate a time dependence of aro-

matic com50unds  Dassing into the water column. This can be noted by contrast-
ing chromatoqrams from tank 5 for (A) Day 2 to (B) Day 5, and from tank 6 for

(C) Day 2 to (D) Day 5. Chromatograms for corresponding fractions for sam-
Plinq points prior to and after Days 2 and 5 are devoid of aromatic compounds.

This quick “Dassaqe” of liqhter molecular weight aromatics is most dramatic

fop the tank 6 fractions (chromatograms  C and D) and the compounds present are

most likely x.ylenes, alk,yl benzenes, and alk,yl naphthalenes.

Fiqures 5.72 and 5-73 depict chromatoqrams for polar (F3) fractions

from tanks 5 and 6. It is of interest to note the differences between those

for tank 6 (Fiqure 5-72) between (A) Day 2 and (B) Day 5, whereas the corre-

s~onding samples from tank 5 (chromatocjrams C and D) are quite similar. AS
14was demonstrated by the C-labelled hydrocarbon degradation data (Figures

5-64 and 5-65), tank 6 degradation activity increased sharply during this time

Period (Days 2 to 5) whereas tank 5 had a more delayed response to oil intro-

d u c t i o n . However, more complete identification  ol!  the  compounds  present in

the tank 6 samples for these two sampling Doints is required to help substan-

tiate or reject the ~otential  correlation between the 14
C-hydrocarbon degrada-

tion activities and the aDDearance  of ~Olar  compounds  in the extracts from

these experimental systems.

After this time ~eriorl, relatively few compounds were apparent in the

Dolar fractions for thes~ two aquaria until several weeks had oassed since oil
introduction. This is evidenced in the chromatograms in Figure 5-73 for Days

9 and 23. Althouqh it should be noted that twice the volume of seawater was
sampled and extracted for Day 23 as for Day 9, obvious differences exist be-

tween tank 5 and 6 Day-9 fractions (chromatograms A and B) and the correspond-
ing fractions from Day 23 (chromatograms C and D). It is also of interest to
note the fairly strong qualitative resemblance between the Day-23 samples for

(C) tank Sand (D) tank 6.

299



This particular experiment was run for 56 days and analyses of remain-

ing fractions from the S1O experimental aquaria are being completed at the
time of this writinq. S~lected samples will be screened by GC/PIS for oxidized

ororiucts arisinq from microbial degradation of parent ~etroleum components.

Lonqer-term Hydrocarbon Analyses -- Kasitsna Bay

As noted in Section 5.1.2 of the evaporation/dissolution chapter, sev-

eral long-term (6 months to 1 year) sub-arctic microbial degradation experi-

ments were initiated in the outdoor tanks at the Kasitsna Bay laboratory in

October, 1980. At that time, the tank configurations were set-up as shown

below:

Tank 7 Flow-through condition Fresh oil

Tank 3 Flow-through condition Fresh oil + Corexit (20:1)

Tank 2 Static condition Fresh oil

Tank 5 Static condition Fresh oil + Corexit (20:1)

During the Spring, 1981 program, after six months of weathering, oil

and water column samples were obtained from the four tanks and the flow-

throuqh tanks 7 and 7 were maintained to continue longer term weathering

studies. All of the remaining oil from the static tanks (2 and 5) was then
removed and frozen for future analysis (if desired), and 40-L seawater samples

were obtained, acidified, (to PH 2.0), extracted with CH9C1 ~ and analyzed.

This

water samules
obtained from

3 and 7. In

cc-

section describes results of chemical analyses of the oil and

from these longer-term studies and presents additional resultS

the 6 month to 1 year sampling period in the flow-through tanks

addition, results are presented on summer (May through October)

microbial degradation studies undertaken on fresh crude and artificially gen-

erated mousse in the presence and absence of turbulence and Corexit (as shown
by the matrix diaqram presented earlier in Section 5.1.2, Figure 5-32).

300



Two of the more significant findings of these longer term microbial

degradation studies relate to the appearance of (1) clear seasonal trends in

bacterial utilization and (2) differential microbial degradation with depend-

ence on the status of the oil slick itself (e.g., stranded oil, mousse

patches, surface slicks, oil droplets). As will be noted below, the chl”o-

matoqrams  of samDles collected after six months of ambient static tank weather-
ing durinq the winter period from October 1980 through April 1981 showed only

lfmited microbial rleqradation.

The significance of chromatoqraphic analyses depicted in Figures 5-74

and 5-75 relates to a demonstration of the type of overall weathering which
may occur during the subarctic winter season for oil stranded in an aquatic

environm~nt which experiences little flushing. This may be the case for an

estuarine situation, where tb~ water columrl beneath the slick is relatively

stagnant. Limited evaporation would be expected due to the cold temperatures,
and a “buildup” of the more water-soluble pe~roleum  CornpOnents  in the uncler-

lyinq water column may occur. Microbial degradation of the oil slick and
solubilized  petroleum components in the water might also be limited due to

cold water tem~eratures, as well as limitations in nutrient supplies from lack

of water column flushing and subsequent nutrient replenishment.

Figure 5-74 depicts the aliphatic  and aromatic frac~ion chromatograms

o b t a i n e d  from Oil Samples  which  had w~athered  Over the Six months  winter  peri-

od . In this experiment, both the oil and water (in tank 2) were maintained in
a static condition from October of 1980 to April 1981. In the aliphatic  frac-

tion (Figure 5-74A) n-alkanes are present down to nC-12, and the 17/pristane
and lS/phytane ratios are approximately 1.79 and 1.85, respectively. These

values are nearly identical to the corresponding ratios obtained from analysis
of the starting oil and suggest limited microbial degradation during that time

interval , in that isoprenoids are generally thought to be less biodegradable

than their straiqht-chain counterparts (13LUMER et al., 1973). Furthermore,

during the winter months, it is clear that 10SS of lower molecular weight

components by evaporation ~rocesses was inhibited due to the colder subarctic
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FIGURE 5-74. FLAME IONIZATION DETECTOR CAPILLARY GAS CHROWTOGRMS OF
PRUDHOE  BAY CRUDE OIL AND SEAWATER SAMPLES OBTAINED AFTER 6
MONTHS OF SUB-AMBIENT WEATHERING FROM OCTOBERTO APRIL 1981
IJNDER STATIC (NO-FLOW) CONDITIONS (TANK 2). AAND B
REPRESENT THE ALIPHATIC  AND AROMATIC FRACTIONS OF THE OIL,
RESPECTIVELY, AND C AND D REPRESENT THE ALIPH.ATIC AND AROMATIC
FRACTIONS OF THE WATER COLUMN, RESPECTIVELY.
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twnDerature reqirnes. (!dater temperatures were near 4°C when the experiments
wer~ initiated, and periodic freezing and thawing occurred during January and

February,  l~$il.) Figure 5-74B shows the aromatic fraction of the oil, and
this also shows that evaporation, and dissolution of compounds with Kovat

indices less than 1200 has occurred from the surface oil slick. These more

water soluble components are clearly evident in the acidified water extracts

obtained from the water beneath the slick; Figure 5-74C and 5-74D depict the
ali~hatic and aromatic Tractions, resoectivel,y, of the acidified water column

extract from t!w outdoor tank 2. While tbe capillary column is clearly over-

loaded, the presence of ~xceedinqly hiqh  levels of aromatic compounds in the

water can be observed. Aromatic compounds present include benzene, toluene~

xylenes, alkyl substituted naphthalenes, and phenanthrenes. The exceedingly

hiqh levels in the aromatic fraction also help to explain the limited break-
through of some of these components into the aliphatic fraction (Figure 5-74C)

durinq the liquid column chromatography.

In that the outdoor tank was stagnant during the six month period

b~t~en october to April of 19~~9 these lower molecular components would nOt

be readily removed by advection. However, they might a priori be expected to

be lost due to the evaporative processes. One hypotheses to explain the lack
of this anticipated  TOSS is that the oil on the surface of the water formed a

skin or cap which then prevented additional loss of these more water soluble
aromatic compounds from the water column via evaporative processes. Similar

observations were made by PAYNE, et al. (1980) during the sub-surface IXTOC-I
blowout in the  Gulf of Mexico in 1979, where elevated levels of benzene,

toulene, and xylenes were found in the water column. In that instance, it
was also believed that the oil coating on the water acted as a cap to inhibit

efficient air-Sea exchanqe and that removal of the compounds by evaporation
would only occur after advection of the water away from the slick (or wind

driven movement

Fi qure

tank experiment

of the slick itself).

5-75 presents the chromatoqrams  of oil samples from the static

of oil plus Corexit (tank 5) after the same period of weath-
ering. f?ualitatively  the chromatoqrams  aD~ear very similar to those in Figure

304



5-74, and it can be seen that during the winter months, most of the volatile
components with molecular weights less than nC-12 (Kovat Index 1200) were lost

(Fiqure 5-75). Figure 5-75b shows that the aromatic compounds with molecular
weights less than the methyl naohthalenes were lost by evaporative and dissolu-

tion processes.

The aliphatic fraction of the acidified water column extract (Figure

5-75C) has hiqher levels of aliDhatic compounds compared to the aliphatic frac-

t i o n  f o r  the t a n k  Z w a t e r  ( F i g u r e  5-74C), and ttiis is presumably due to the

i n f l u e n c e  o f  t h e  dispersant.

Fiqure 5-75D shows the chromatoqram obtained on the aromatic fraction

of the water column extract from this tank, and as in the other ca’se from the
winter ex~eriments, $igh levels of aromatic hydrocarbons are observed to re-

m a i n  i n  t h e  w a t e r  a f t e r  s i x  m o n t h s  o f  s u b a r c t i c  w e a t h e r i n g . As noted before,

this presumably reflects diffusion controlled processes limiting loss of these

components through the viscous oil slick cover.

As noted above, outdoor tanks 3 and 7 were maintained in the flowing

condition during the Deriod of April through Oct~ber 1981, and during this

period, significant increases in microbial degradation of the oil in the tanks

were noted. Further, in examining the oil from the different tanks, longer
t e r m  o i l  w e a t h e r i n g  ~rocesses w e r e  o b s e r v e d  t o  b e  c l e a r l y  d e p e n d e n t  o n  t h e

s t a t u s  o f  t h e  s t r a n d e d  o r  f l o a t i n g  o i l . S p e c i f i c a l l y , m i c r o b i a l  d e g r a d a t i o n

a p p e a r e d  to b e  p r i m a r i l y  a  s u r f a c e  phen~menon, a n d  e v i d e n c e  o f  e x t e n s i v e  micro-

bial processes  was limited to surface films emanatinq from larger Oil/mousse

patches.

Evidence of the differential weathering patterns observed in oil

dro~lets versus surface film are presented in Figure 5-76. Figure 5-76A Pre-
sents the caoillary  column qas chromatogram ( n o n - f r a c t i o n a t e d )  o b t a i n e d  o n  o i l

droplets observed in outside tank 3 after eleven months of continuous weather-
ing in the flow through system. I n t e r e s t i n g l y ,  c o m p o u n d s  a r e  p r e s e n t  down to
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Kovat indices 1100 showing limited evaporation from the interior of the drop-
ltat$ In this instance, formation of a surface crust on the oil during the

winter months, presumably limited further evaporation/dissolution losses and

microbial activitv  over the” summer.

Fiqure 5-75!3, however, shows extensive evaporative and microbial de-

g r a d a t i o n  l o s s e s  i n  the t r a n s l u c e n t  f i l m  e m a n a t i n g  f r o m  t h e  l a r g e r  p a t c h e s  Of

the o i l  i n  the o u t d o o r  tank. In t h i s  i n s t a n c e  the o n l y  major r e s o l v e d  compo-

nertts  r e m a i n i n g  in the chromatoqram  a r e  thc)se  o f  Dristane a n d  ph.ytane  a n d

o t h e r  DOSSibl~  isoprenoids. T h e  chromatogram  i s  a l s o  c h a r a c t e r i z e d  by a rela-

tively larqe u n r e s o l v e d  c o m p l e x  m i x t u r e  a n d  h i g h e r  m o l e c u l a r  weight  n-alkanes

r a n g i n g  f r o m  nCzy  through nC29.

Fiqure 5-75C presents the chromatogram obtained from the acidified

w a t e r  e x t r a c t  a f t e r  eleven m o n t h s  o f  n a t u r a l  w e a t h e r i n g  u n d e r  t h e  s u b a r c t i c

c o n d i t i o n s . Clearl,y t h e r e  a r e  a  n u m b e r  o f  p o l a r  c o m p o u n d s  p r e s e n t  i n  t h e

s a m p l e  e x t r a c t  a n d  GC/MS  a n a l y s e s  b e f o r e  a n d  a f t e r  d e r i v i t i z a t i o n s  w i t h  diazo-

m e t h a n e  a r e  u n d e r w a y  a t  t h i s  t i m e .

Fiqure 5-77A Dresents the FID capillary gas chromatogram  for a large

patch Of floatinq mousse from tank 2 (artificial mousse and Corexit) after
five months of weathering (May to September). Essentially complete loss of

comoounds  below nC-13 due to evaporation and dissolution can be observed.
From the ap~earance of the chromatogram, however microbial degradation is not
readily a~parent in this sample. This is believed to be due to the fact that
the hiqher concentrations of relatively unweathered components making up the

interior of the patch mask any selective microbial utilization of specific

alkanes which miqht have occurred on the lower surface, which was exposed to

the water column.

Fiqure 5-77B presents  the  ChrOmatOgram  Obtained  on a  s a m p l e  Of s t r a n d -

ed mousse collected in September from the sides of tank 2, and this also shows

307



——.
FIGURE 5-77.

308

FLAME IONIZATION DETECTOR CAPILLARY GAS CHRO!$4TOGRAMS  OF ARTIFICIALLY
GENERATED PRUDHOE BAY MOUSSE PLUS COREXIT AFTER 5 MONTHS OF
WEATHERING (MAY TO SEPTEMBER 1981) IN THE OUTDOOR FLOW-THROUGH
AQUARIA (TANK 2) AT KASITSNA BAY, ALASKA: (A) ARTIFICIAL MOUSSE
FLOATING ON THE k!ATEF! COLUMN; (B) STRANDED MOUSSE FROM THE SIDE
OF THE CORRAL; (C) SURFACE FILH EPiINENTING  FROM P?C?USSE  PATCHES;
AND (D) ACIDIFIED SEAWATER EXTRACTS.
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only limited microbial degradation although a slight increase in 10SS of com-

pounds below Kovat index 1400 is noted. This presumably reflects elevated

t e m p e r a t u r e s  e n c o u n t e r e d  durinq a t m o s p h e r i c  e x p o s u r e .

Figure !5-77C s h o w s  t h e  chromatogram  o b t a i n e d

extending from the bulk of the mousse patch from tank

loss of aliDhatic  and aromatic comDounds  below 15f10

from a translucent film

2. In this instance a

is evident and enhanced

micr~hial  dt?qradat.ion  i s  suqqestecl  by t h e  nC-17/pristane  a n d  nC-18/Dh.Ytane

ratios of 0.61 and 0.73, reswctively.

Figure 5-77tl shows the acidified water extract obtained from a 31.7

liter water sample obtained four months after the mousse was initially spilled
in the flow throuqh water system. This extract has been submitted to GC/MS

analysis and Fiqure 5-56 (in Section 5.2.3) presents the reconstructed ion

chromatogram obtained on that sample. The disparity in the appearance of the

chromatogram  in Figure 5-56 compared to Fiqure 5-770 can be attributed to inad-

vertent loss of lower molecular components before GC/MS analysis during trans-

port to our La Jolla facility. An additional sea water extract of this tank
was obtained after seven months of weathering and is undergoing extraction and

fractionation at this time. Hopefully, this sample will provide sufficient
material in this lower molecular weight range to facilitate GC/PIS analysis.

k noted earlier, the numbered peaks in Fiqure 5-56 have been tentatively
identified by GC/MS. (Table 5-25 oresents those compound

5.3 Oil/Suspended Particulate Material Interactions

identifications).

5.3.1 Effects of Oil on SPM Settling Rates - La Jolla Studies

During the first half of this program, oil/suspeoded particulate

material interactions were studied to determine adsorption/resorption rates at

different temperatures and to determine the affects of these processes On
sedimentation rates with various types of particulate material. These studies

were- undertaken with fresh Prudhoe Bay crude oil and Prudhoe Bay crude which
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had ulderqone evat)orati on/dissolution weathering for 48 hours. The presence

and a b s e n c e  o f  the dispersant Corexit 9 5 2 7  ( 1 0  p a r t s  o i l  t o  1  p a r t  dispersant)

w e r e  a l s o  i n c o r p o r a t e d  a s  e x p e r i m e n t a l  v a r i a b l e s , and three types of rela-

tively pure sediments were utilized (carbonate, silica and deep basin clay;

Table 5-28). Sedimentation rate determinations were made using a Cahn 2000
series sedi~nt  balance, and a particle size range of 4.0 @to 9.0 ~ (62 ~m

to ? pm) was used.

The sediment material being analyzed was added to the stirred chanber

shown in Fiqure 5-7$3, and aliquots were taken at times 0, 3 hours, 24 hours
and 4R hours for analyses on the sediment balance. The data were then ana-

lyzed to yield final wet and dry weights of (settled) particulate and accord-
ing t o  th~ Waddell settlinq equations to ,yield m e a n ,  m e d i a n ,  s k e w n e s s  a n d

kurtosis data on the qrain size distribution.

Waddell  Settling formula

K
T =  —

D2 T = t i m e  ( m i n u t e s

D = d i a m e t e r  ( m i c r o n s )

K = 0.3 h V 108

(ds-dl)g

h = height o f  c o l u m n  o f  w a t e r

v =  v i s c o s i t y  (Doises)

d s  = d e n s i t y  ( s o l i d )  g / m l

‘ 1
=  d e n s i t y  ( l i q u i d ]  g / m l

!J = gravity in cm/sec
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TABLE 5-28. GRAIN SIZE AND MAJOR METALLIC CATION ABUNDANCES FOR INITIAL
OIL/SUSPENDED PARTICULATE MATERIAL EXPERIMENTS.

dispersive X-ray Analysis (SEKI)

Relative Atom %
Sample Mg Al Si K Ca Fe

Commercial Diatomite - - 93 - 6 1

Milled Foram Sand 2 2 12 - 85 1

San llicolas Basin Clay 2 6 48 3 35 6

Grain Size Information

Sample Median Mean Skewness Kurtosis

Commercial Diatomite 5.5 5.5 + .03 1.0

Milled Foram Sand 5.4 5.9 + .25 .8

San Nicolas Basin Clay 5.5 5.8 + .19 0.8
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Graphical Statistics

Skewness =
~+~

Kurtosis = 095- @5
2.44 (075 - 075)

Mean
084 j PI 6=

NedIan = @ size at 50% cumulative weight

Results from these initial studies were presented in detail in the

Seotember  1980 l~terirn Report, and therefore, will not be discussed in detail
here. Essentially only very sliqht perturbations in SPhl settling characteris-

t i c s  w e r e  o b s e r v e d  a s  a  r e s u l t  o f  Oil, Oil p l u s  corexit,  a n d  m o u s s e  i n t e r -
actions. Tables 5-29 and 5-30 present results from initial interaction

studies completed with diatomite powder and deep basin clay (San Nicolas],

r e s p e c t i v e l y . F r o m  t h e s e  r e s u l t s  s o m e  s u b t l e  c h a n g e s  i n  t h e  m e d i a n  a n d  m e a n

s e d i m e n t  s i z e  c h a r a c t e r i s t i c s  w i t h  b o t h  s u b s t r a t e  tyc)es w e r e  o b s e r v e d  f o r  t h e
oil-Corexit mixtures; however, oil alone did not have as significant an effect

on these c)arameters. Table 5-31 presents a summary of the settling experi-

m e n t s  u s i n g  S a n  ~icolas B a s i n  s e d i m e n t  a n d  o i l  a n d  oil p l u s  Corexit. R e s u l t s

Of tfie f i r s t  t w o  r u n s  w i t h  Oil a n d  t h e  Corexit-oil  mixture  i n d i c a t e d  m i n o r

interactions which can be detected in the settling rate data. The small in-

crease in phi size (decrease in qrain size) for both the median and mean and
t$e decrease in settled weiqht percent are indicative of some buoyant force at

work and/or of adsorption of oil , decreasing the effective density of the
particles below a critical size (FEELY et al., 1978; BASSIN and ICHIYE,  1977).
The larqest settled weight differences occur in the oil/Corexit sediment ex-
periments; however, the median, mean, skewness and kurtosis were not as drasti-
cally affected by the oil or oil plus Corexit interaction. Time-series
changes in the Dhi size, s k e w n e s s  a n d  f i n a l  weight  s e t t l e d  a s  a  r e s u l t  o f  o i l

e x p o s u r e  a r e  s h o w n  in F i g u r e  5-79, a n d  w h i l e  t h e  a f f e c t  Of exposure o n  all

313



TABLE 5-29. INITIAL INTERACTION. STATISTICAL EFFECTS OF DENSITY, DISPERSANTa

Sample Addition

A .OIN
Calgon

Flun #4 ---

Run #5 ---

Run #6 ---

Run #7 Oil only

Run #8 Oil-
Corexi t

Run #9 Oil-
Corexi t

Run #10 Oil-
Corexi t

Run #11 Oil-
Corexi t

AND SAMPLE WEIGHT ON DIATOMITE POWDER AT 23°C. -
,

J_ Method of D r y Wet wt~ Median Mean Shewness Kurtosis
Injection Weight Dry wt.

.997 30CC in 200 mg .57 5.50 5.49
cent. tube

1.025 30CC in 200 mg .51 5.37 5.41
cent. tube

.997 40CC in 300 mg .56 5.57 5.49
cent. tube

1.025 6CC in 160 mg .50 5.47 5.50
10CC syringe

1.025 30CC in 205 mg .51 5.42 5.50
cent. tube

1.024 200.2 mg @30 CC in ._. 5.59 ~
cent. tube

.997 30CC in 204 mg
cent. tube

.997 30CC in 208 mg
cent. tube

.997 separate 211 mg
addition of
sediment and
oi 1

* Ratio of sedimentation balance weight
water)/dry  weight of added sediment.

.52 5.50 5.50

.56 5.70 5.70

.54 5.69 5.73

(weiqht of sediment in

+.03 1,04

+.11 1.13

-.38 1.06

+.13 1.27

+.98 1.11

+.16 ~

+.03 1.05

+.03 .98

+.08 ‘ 1.05
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TABLE 5-30. STATISTICAL SUMMRY OF DEEP BASIN CLAY (SAN NICOLAS) AMBIENT
TEMP (230C), SEAWATER, MIXING TIME = 15min.

Date Oi 1 C;;::i ~ Joi:4in Median Mean S k e w n e s s  Kurtosis  Final Wt. %Settle—  .
9

7/22/80 --- --- 4.0 5.53 5.80 +.19 .75

7/23/80 --- --- 4.0 5.32 5.51 +.21 .89

7/21/80 X x 2.5 4.89 5.31 +.37 .98

7/28/80 X x 3.5 4.92 5.35 +.35 .95

7/24/80 X --- 4.0 5.36 5.75 +.26 .87

Run Reproducibility

Mean Skewness Kurtosis

Sediment 5.66* 0.2 .21 * .01 .82 * .1

Sediment-oi l-Corexit 5.33* 0.03 .36 * 0.1 .97* .02

108.9 10077

105.5 1 00%

72.5 68%

71.9 67%

91.7 86%

Final Wt.

107+ 2.4

72.2 A,O.4
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TABLE 5-31. SUMMARY OF SAN NICOLAS BASIN SUSPENDED PARTICULATE MATERIAL AND
FRESH PRUDHOE BAY CRUDE OIL INTERACTIONS.

CONDITIONS
Additive

1. none

2. oil

3. oi 1

4. oil

5. oil & corexit

6. “ II

7. “ It

8. “ “

temp.

23°C

II

II

11

If

II

II

II

time

o

3 hrs.

24 hrs

48 hrs.

o

3 hrs.

2 4  h r s .

4 8  hrs.

m e d i a n

5.25

5.50

5.79

6.03

5.25

5.13

5.30

5.91

mean

5.47

5.69

5.91

6.02

5.28

5.39

5.30

6.13

STATISTICS
f i n a l  weiqht

skewness

+ .21

+ .17

-f- .11

+ .005

+ .90

+ .28

+ .08

+ .12

kurtosis

.91

.87

.94

.90

.75

1.05

.85

.81

recovereii

( w e t )

7 8 . 4

77.5

74.3

71.5

44.70

26.32

34.05

31.15

316



6 . 2

6 . 0

0 5 . 8

5 . 6

27 km!  5..

5 . 2

5 . 0

0 . 3

SKEWNESS 0.2

0.1

0.0

FINAL
WEIGHT

80

MG 75

FIGURE 5-79.

STATISTICAL SUMMARY

S4N NICOLAS P = 1.024, T . 23”c (FRE SH OIL)

0 3 24 4 8  HF!S.
T

I

I

0 3 2fl 48 l+%.
T
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T

GRAPHICAL DISPLAY OF THE AFFECTS OF THE INTERACTION TIME FOR
SAN NICOLAS BASIN SEDIMENT AND FRESH PRUDHOE BAY CRUDE OIL ON
MAJOR STATISTICAL PARAMETERS (sEE TABLE 5-31). THE EFFECT
OF TIME ON ALL THREE PARAMETERS IS STATISTICALLY SIGNIFICANT
BUT NOT CONSIDERED TO BE MINOR.
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three parameters is statistically significant, their overall perturbation to
SPM characteristics were considered to be minor.

5.3.2 Detailed Analyses of Suspended Particulate Materials Characteristic
of Lower Cook Inlet Al askan Maters

As a result o f  t h e  a b o v e  f i n d i n g s , e x a m i n a t i o n s  o f  p h i  s i z e  a n d  set-

t~inq c h a r a c t e r i s t i c s  o f  oil/sPti  m i x t u r e s  w e r e  d i s c o n t i n u e d ,  a n d  a t t e n t i o n  w a s

i n s t e a d  dir~cted  t o w a r d s  the com~ounri  s p e c i f i c  n a t u r e  o f  t h e  o i l  sus~ended

p a r t i c u l a t e  m a t e r i a l  i n t e r a c t i o n s . F u r t h e r , i n  a n  e f f o r t  t o  s a t i s f y  e n v i r o n -

mental manaqer’s  needs with regard to oil/SPM interactions in Alaskan waters,

attention was focused on the compound specific adsoprtion  of petroleum hydro-
cartmn  components  Onto  s e d i m e n t s  and fines r e p r e s e n t a t i v e  o f  Lower  C o o k  I n l e t

suscwwled  p a r t i c u l a r s  m a t e r i a l .

Thus , during the Sprinq 1981 Kasitsna Bay program, studies were

initiated to locate intertidal sites having significant deposits of sediment

fines representative of Lower Cook Inlet suspended particulate material, and

samples of these sediments were characterized as to their physical and com-

pound sDecific oil retention pro~erties. From the results of these initial
investigations, two intertidal sites were selected as sources of divergent but

r e p r e s e n t a t i v e  s a m p l e s  o f  Lower  Cook Inlet sp~. These sediments were then
used for outdoor flow-through oil/SPM interaction ex~eriments during the sum-

mer 1981 proqram at Kasitsna Bay.

Fiqure 5-W presents a navigational chart for the Lower Cook inlet/

Shelikof S t r a i t  area, a n d  F i g u r e  5-81 stows e x p a n d e d  detail  o f  t h e  Kachemak

Qay r e g i o n . Sam~ling s i t e s  f o r  i n i t i a l  SPM c h a r a c t e r i z a t i o n s  w e r e  s e l e c t e d

u s i n g “Cook I n l e t - s o u t h e r n  p a r t , n a v i g a t i o n a l  c h a r t  (1:200,000)-NOAA,  C~GS

8554”; a n d , t~e u n p u b l i s h e d  E n v i r o n m e n t a l  S e n s i t i v i t y  Index (ESI) for Lower

Cook Inlet (RUBY and MAIERO, 1979).

Suspended particulate material in Kachemak Bay was considered to have

four rmimary  s o u r c e s :
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o Flarine  w a t e r s  i n t r o d u c e d  t o  K a c h e m a k  B a y  b.y t i d e s  a n d  c u r r e n t s

f r o m  L o w e r  Cook Inlet ( G u l f  of Alaska  a n d  Shelikof S t r a i t s )

o Glacial melt waters

o T e r r e s t r i a l  s o u r c e s - r u n o f f

o Marsh detritus

A s e c o n d a r y  s o u r c e  t o  a n y  s i t e  w a s  also c o n s i d e r e d  t o  be r e s u s p e n s i o n

of sediment throuqh wind and wave scour and transport of sediments by tidal

actions and long-s~ore  and bottom currents.

The Spring 1981 sam~ling proqram was designed such that 3 sediment

tyoes which were representative o? Lower Cook Inlet suspended particulate

m a t e r i a l  could be o b t a i n e d ,  a n d  t h e s e  i n c l u d e d : pure glacial till, tidal

flats supported primarily by marine deDosits  and tidal flats sup50rted by

marsfi detritus and terrestrial runoff. To represent these sediment types,

four orimary sites were selected for sampling and these are shown on Figure

S-81 as K13-1, KB-2, KB-3 and KB-4. At each site, fine particulate and sedi-
ment floe were obtqined from the upDer 1 to 2 cm of deposits exposed during

l o w e r  t i d a l  e x c u r s i o n s . !)etailed d e s c r i p t i o n s  o f  e a c h  s i t e  f o l l o w .

KB-1: Grewingk Glacier Delta and Melt Stream

This site is characterized as a large, p r o t e c t e d ,  d e l t a  s u b j e c t  to

t i d a l  m a r i n e  f l u s h i n g  a n d  f r e s h  w a t e r  i n p u t  f r o m  t h e  Grewingk  G l a c i e r  m e l t

s t r e a m . The qlacier  is central and 3 to 4 miles southeast of the tidal flat

which is bounded on the west by a wide gravel spit oriented southwest to north-

east as formed by northeasterly moving tides and longshore currents in

Kachemak Bay (Figure 5-81). Glacial sediments were found directly behind the
tip of the qravel spit at the point  that  the glacia l  waters met  the mar ine

w a t e r s  which w e r e  d r a i n i n g  f r o m  t h e  s o u t h e r n  s e c t i o n  o f  t h e  f l a t . These rle-

Posits of qlacial silt (2-5 mm thick) formed a mat which could be removed from

underlying sediment, and samples of this material were obtained for oil/SPM
characterization studies. The exposed surfaces of small to medium cobble in
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the area were a l s o  c o v e r e d  w i t h  a  s i m i l a r  m a t  o f  g l a c i a l  s i l t ,  but q u a n t i t a -

t i v e  s a m p l i n g  o f  this m a t e r i a l  w a s  n o t  p o s s i b l e . The richest glacial deposits

were restricted to an area of approximately 800 metersz out of approximately

20,000 meters2 ins~ected.

The i n f l u e n c e  of qlacial m e l t  w a t e r s  s e r v e d  t o  i n c r e a s e  biolog~cal

Productivity as evidenced b,v larqe stands of IJlva sp. accompanied  by  signif i -

c a n t  n u m b e r s  o f  am~hipods. Filamentous  b r o w n  alqae w e r e  u b i q u i t o u s  t o  the

flat. qird US? o f  tfie a r e a  a p p e a r e d  m o d e r a t e  - evidence of bird tracks was
lower than expected.

bitter

waters  )

as such

a c t i v e .

The g l a c i a l  m e l t  w a t e r  w a s  “ m i l k y ” ( b l u i s h  w h i t e )  a n d  h a d  a  f r e s h =

taste. The mouth of the delta (interface of drainage and receiving

w a s  subject  t o  e r o s i o n  d u e  t o  t h e  m e a n d e r i n g  o f  the d e l t a  c h a n n e l ,  a n d

9 the site at which samples were taken is considered to be geologically
Little perturbation of the area was noted on re-occupying  the station

durinq the Summer  1981 f i e l d  p r o g r a m ;  h“owever, i t  w a s  a ’ p p a r e n t  t h a t  t h e  sam-

Pling s i t e  may  n o t  r e m a i n  i n  i t s  p r e s e n t  s t a t e  f o r  e x t e n d e d  Deriods  o f  t i m e .

f)verall  energy is low; h o w e v e r , localized disturbances may affect the subject

sediment when incominq  or outqoinq tidal waters covering the flat are a few

centimeters to a 1/3 meter deep (or depth equalinq  fetch height] so that wind

d r i v e n  w a v e s  c a n  s c o u r  t h e  b o t t o m . T h i s  tyDe o f  a c t i v i t y  c o u l d  m a k e  t h e  p l a c e -

m e n t  o f  s t u d y  ~lots d i f f i c u l t , a n d  a s  a  r e s u l t  o f  t h i s  i n s t a b i l i t y  a n d  b e c a u s e

of Ioqistical  c o n s i d e r a t i o n s , e x t e n d e d  oil/SPM i n t e r a c t i o n  s t u d i e s  i n  t h e

f l o w - t h r o u g h  t a n k s  a t  Kasitsna  B a y  f a c i l i t i e s  w e r e  n o t  u n d e r t a k e n  w i t h  t h i s

site as a source of SPM. Further discussions of the results of oil/SPM inter-

a c t i o n  s t u d i e s  usinq t h e  s u b s t r a t e  f r o m  KB-I a r e  p r e s e n t e d  i n  S e c t i o n  5.3.4.

KB-2/China  Poot Ba,y - Mud Flats

The area at which samples were taken is ConunOn  to protected tidal

flats i n  L o w e r  C o o k  Inlet a n d  P r i n c e  W i l l i a m  S o u n d  ( R U B Y  a n d  M A I E R O ,  1 9 7 9 ) .

~Re sam~linq s i t e  i s  l o c a t e d  o n  t h e  s o u t h w e s t  s e c t i o n  o f  t h e  flats, a n d  t h i s
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site is protected f r o m  w a v e  energv by a Ionq, curved gravel spit form1n9 the

b o u n d a r y  b e t w e e n  China  Poot a n d  I(achemak B a y  ( F i g u r e  5-81). There is no

source of fresh water immediately ad,jacent  to the sampling site. The sources

of s e d i m e n t  a t  t h i s  s i t e  a r e  sxpected t o  b e  p r i m a r i l y  of m a r i n e  ( i . e . ,  o u t e r

b a y )  oriqin. The flat is ver,y hiqh in biological productivity - clams, pOlY-

cheates and amphipods were abundant. It is apoarent that benthic organisms

are constantly reworkinq these sediments - fecal pellets and burrows were in

profusion, a n d  for the m o s t  Dart, the sediments appeared to be well oxidized

with little or no evidence of H2S.

The samplinq area included “random” surficial samples taken from the

SloOinq f a c e  o f  t h e  f l a t  (slo~e of  12:1 o n  t h e  l o w e r  f a c e  to 23:1 o n  t h e  u p p e r

face) a n d  t h e  f l a t ,  itself ( a v e r a g e  s l o p e  alonq t r a n s e c t  o f  75:1). T h e  s e d i -

m e n t s  o n  t h e  sloDe f a c e  ( t o  a  d e p t h  o f  amroximately 10 cm) c o n s i s t e d  o f  a

t h i n  v e n e e r  o f  b r o w n  o r g a n i c  s e d i m e n t s  i n  a  c o n s o l i d a t e d  m a t  h a v i n g  a  t h i c k -

ness of 2 - 5  mm over ly ing black s i l t /sand homogeneous, well oxidized sedi-

ments. These sediments were well  packed and did not yield to any degree to

foot pressure. In comparison, the sediment composition on the flat proper was
visually alike the sediments of the slope; however, the underlying black sedi-

ments were i n  a  m o d e r a t e l y  r e d u c e d  s t a t e  ( m o d e r a t e  H2S n o t e d ) . S a m p l e  KB-2B

was obtained from these reduced sediments while KB-2 was obtained on the 0-1

cm subsection from the slope face. Biological activity was higher on the

flats CO~Di3red  to the slo~e face (evidence of siphon holes, etc.) and inter-

stitial water was observed

sediments were not as firm

easllv c a u s e  a  d e p r e s s i o n .

f u n c t i o n  o f  t h e  a b i l i t y  o f

in each cross-section of sediment. The upper flat

a s  t h o s e  o f  t h e  slope s o  t h a t  f o o t  p r e s s u r e  could

T h e  r e d u c e d  s t a t e  ( n o t a b l e  ~2S p r e s e n t )  m a y  b e  a

the f l a t s  t o : d r a i n  q u i c k l y , i n c r e a s i n g  r e t e n t i o n

of orqanics (as opposed to wave action gently scouring the somewhat steeper

sloc)e with each tidal cycle), heating of the flats by solar energy (slope

would be subject to direct sunlight during a limited portion of the sun’s

arc), and increased bacterial activity.
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The Kasitsna Bay sediment sample was taken from the interior of the

bay along a tidal flat adjacent to Mbble Pt. (see Figure 5-81). The mud

flats are located on the east side of a small spit located in the western

interior of the Bay. Nave energy is minimized in this portion of the bay be-

cause of the short distance between spits; however, tidally generated currents

appear significant. The sampling station lies at the foot of a sand/gravel

beach having a moderate slope (1:17) to the high tide wrath and a steep slope

(1:9) from the high tide to the maximum stem tide wrath on Nubble Pt.

The sediments

sand, gravel and shell

materials. The nature

rial is transported to

on ~~e p~otect~d  flats co~~is~ of an ~n~o~ted  matrix of

fragments bound tightly together with silts and organic

of the components in the sediments indicate that mate-

this area as a result of bottom scour (tidal) and long-

shore transport. Biological productivity is high. The flats were populated

with vegetation stands of Ulva, Fucus and Enteromorpha accompa~ied by I’4ytilus,.—
13alanus and numerous polycheates and amphipods. The holdfasts of the plants

and byssal threads of the mussels appear to play a significant role in trap-

ping sediments on the flats.

The sediments at this station were unique to the sediment samples

collected during the spring season. Sediments sampled at other sites were

fairly well sorted and somewhat homogeneous. Bottom scour did not seem to

contribute to the sediment at the other stations and shell fragments were not

as abundant. This station appears to contain representative composite of the

components of the other stations sampled.

KB-4, Seldovia  Bay - Salt Marsh in Upper Bay

The sample from this station was taken in a submerged tidal channel

in the Spartina sp. marsh at the head of Seldovia Bay. The marsh lies to the
north of Seldovia River (Figure 5-81).
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The sediments of the marsh are composed primarily of organic, decom-

DOSiflg detritUS originating from the Spartina marsh. The normal cycle of the

marsh is to die back i n  e a r l y  w i n t e r  a n d  r e g r o w  i n  s p r i n g  of t h e  f o l l o w i n g

year. Mhen the marsh plants die back, the dead vegetative material is matted

down, by wind and snow to form a thick vegetative cover over the flat. Klew

sfioots sorout from the rhizome mat in the spring pushing through the decompos-
ing vegetative mat. In sprinq, the old vegetative mat decomposes introducing

a sic!nificant  amount of orqanic  material to the marsh channels and flats i n
the v i c i n i t y  o f  the marsh. Our samplinq effort occurred during the stage of

regrowth/decornpositi  on.

The sampling station is adjacent to the mouth of Seldovia River.

Incominq tides transoort the fresh water runoff (overlying the denser marine
“wedqe) onto the marsh so that terrestrial sediments may be deposited with

marsh detritus. The transport of fresh water onto the marsh was confirmed

durinq s a m p l i n g  a s  incominq  t i d a l  w a t e r s  t a s t e d  t o t a l l y  f r e s h .

The marsh was rich in invertebrates and showed signs of heavy

use (tracks).

Table 5-32 presents an overall description of the sediment/SPM

Pies collected at each site, and Table 5-33 presents size-compositional

derived from visual and microscopic observations of the samples collected

bird

sam-
data

from

the four sites. From these examinations a pure form compositional diagram for
the samoles  was prepared and is presented in Figure 5-82A. Figure 5-82B char-

acterizes the sediments as far as suspected sediment source.

Immediately after these samples were collected, they were extracted

and analyzed at the Kasitsna Bay facility for background biological and poten-

at that time such that if the results had then indicated

tial p e t r o l e u m  h y d r o c a r b o n  c o n t e n t  ( f r o m  orevious s p i l l  e v e n t s } .  T h e s e  a n a l y -

s e s  w e r e  c o m p l e t e d

p r e v i o u s  p e t r o l e u m

have been selected

hydrocarbon contamination, alternative sampling sites could

and sampled during the spring program before returning to
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TABLE 5-32. OBSERVEI) CHARACTERIST’ICS  AND OVERALL DESCRIPTIONS OF SEC)IMENT/SPM SAMPLES COLLECTED DURING
THE SPRING 1981 KASITSNA BAY FIELD PROGRAM.

1 2 ZB 3 4

ediment G l a c i a l  Silts silt s i l t Orgisnics,  S11 t Organics,  Silt
omponent Fine sand Fine sisnd Fine sand Fine-medium sand

Gravel Gravel, shel 1 frag.

ediment Sandy Silt Sandy Silt .Silt.y Sand Conglomerate Detritus/Silt
Iassification

‘/00 0-5 15-30 15-30 15-30 0-5

Met: Wet: Wet: Wet: Wet:
Gray brown CO1 or. Very Green brown CO1 or. Pluddy - Brown black color. Silt Brown color. Silt and
fine sediments, easy to

Brown color. Silt and
suspended easily, heavier suspended easily and sand

suspend - reins in in fraction forms a “clay” on (black) settles quickly.
organics suspend easily. plant fiber suspend easily.
Organics  appear to be a Fibers settle first followed

suspension easily. Silts the bottom of the trap - Sand forms the majority of flock or mucoid sand, by the very small sandy silt-
gray wisen in suspension- Rennins in suspension the sample, s~lts remin in
settle portion brown.

gravel and shel 1 fragments
easily.

a small fraction of the
suspension easily. settle easily. Organics silt remains in suspension

approx. 50% of sa~le.
Ory: Ory: Ory:

over B hours.
Dry:

Blue gray color - Sample
Dry:

G$een  gray CO1 or fragrmmts Gray black color. Very fine
cements together Men dry. easily but needs sufficient sand is black in color. Brown gray CO1 or. Sample
Sufficient pressure needed

Brown color. Drysas  silt/
pressure to reduce i t al 1 Drying causes clumping cements together-difficult

to break sample apart. the way to powdared form.
fiber mtrix. Flakes when

rather than laying pow&r to break apart. Silt and broken. Easy to powder.
easily. organics  act as a strong

bonding agent.



TABLE 5-33. SIZE COMPOSITIONAL DATA DERIVED  FROFI  VISUAL  Ai’lDMICROSCOF’IC  OBSERVATIOhlSOF  SPhl SAMPLES
COLLECTED FROM INTERTIDAL SAMPLING SITES KB-1. KB-2. KB-2B. KB-3AND KB-4 (SPRING 1981
KASITSI!A  BAY PROGRAM).

Cobble

Heavy Gravel

Medium Gravel

Heavy Sand

Medium Sand

Light Sand

Silt

Glacial Silt

Drganics

1 2 2B 3

x

\
I x
t

x x

x

x . x

x x ~ x x

x x x x

x ? ? ?

x x x

4

x

x



Pure Form

Gravel

1- silts, sand - sandy silt (glacial )
2- sand, silts - sandy silt (marine).
2B - silts, sand - silty sand (marine)
3 - organics, silt, sand, gravel - conglomerate (marine)
4- organ ics, silt - silt (organic)

G l a c i a l Marine

mG l a c i a l 1

htarine

Terrest. tbrsh

1

2,2B,3 4

Terrest. , 4

a

Marsh

FIGURE 5-82. (A) FIELD ESTIMATED SIZE COMPOSITIONAL DIAGRAM FOR SEDIMENT/SPPl
SAMPLES COLLECTED DURING THE SPRING PROGRAM; (B) SEDIMENTARY SOURCE
DIAGRAM DERIVED FROM FIELD OBSERVATION DATA.
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La Jolla. Particular attention was paid to the sediments from KB-4, the

Seldovia River salt marsh, because of a Bunker C spill which occurred in

Seldovia Bay (down stream) durinq 197$?. Observations were completed during

that soill event from vessels, ai rc ra f t  and th rough the use of drift cards

(klAIERO  and MAYNARD, November 197$3), and the results of those studies had
indicated that. the oil did not enter the upper end of the Bay. Fortunately,

the capillary column qas chromatograohic  data confirmed that no prior contami-
nation of t$at ~rp~ (~r any of the othsr s i t e s )  had o c c u r r e d ,  a n d  onl,y t r a c e

levels of bioqenic comoounds were detected in any of toe analyses. As a re-

sult, no additional field sarnplina  was required during t% sPring program, and

the frozen se~iment samples were then shipped to La Jolla for additional char-

acterization and initial oil/SPM interaction studies.

5.3.3 Additional SusDended Particulate Material Samule Characterization b.v
~cannl~q kl ectron Mlcro!jcoDy

UDon r~turninq  to our laboratories in La Jolla, CA additional charact-

erizations of the sediment/SPM samples were undertaken and these included:
specific surface area determinations, scanninq electron microscopy (sEM),

dispersive X-ray compositional analyses and diffractive )(-ray mineralogical

analyses. Tho results of the SEM analvses are oresented below; however, the

X-ray diffr?JCtiOn StUdieS have  nOt ~esn comDleted  at this time so these data

will 5P irtclw-19fi in subsequent rec)orts.

~aCh sarnDle for SW analvses was Drepared by transferring a 55 to

F7-mg  s e d i m e n t  s a m p l e  into  35 ml of deionized water. The sample was then
shaken for l.~ min on a wrist action shaker; this water was then transferred to

a -50-cc plastic polyethylene centrifuge tube with a side arm to withdraw sub-
samoles using a 3-cc syringe.

After bubbling with N2 to insure SPM suspension, the

mixture was diluted twice and filtered through a 0.2 pm pore
filter to yield 135 to 139 pq per filter. This filter was then

with gold for scanninq electron microscopy analyses on a model

sediment/water

size nuclepore

sputter coated

1S1 Super 111A
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SEM. Figures 5-83 through 5-92 present two selected fields from each SPM
sample as shown below.

Figure 5-83 - KB-1 Grewingk Glacial Till

Upper O-5 mm of deposits removed from Glacier Delta

Figure 5-85 - KB-2A China Poot Bay

Upper fl-1 cm of deposits from intertidal mud flats

Figure 5-87 - KB-2B China Poot Bay

Lower I-B cm composite from intertidal mud flats

Figure 5-89 - KB-3 Kasitsna Bay
UDper O-1 cm composite of sediment floe from protected

mud flats

Figure 5-91 - KB-4 Seldovia River Estuary

Upper 0-1 cm composite of sediment/detrital  floe from

channel in Spartina sp. salt marsh

Following each set of SEM Dhotomicrographs,

which identifies the major components present

Because the pg loading  on each fi”

a schematic diagram is presented

ter represents the same overall

mass/filter area, direct compositional comparisons can be made for all the SPM

samples. Thus, in Figure 5-83 it can be seen that diatoms and several larger

clay fraqments make up the majority of the sample by weight, while the major-
it,y of the surface is covered by less than 5- m clay fragments.

In Figure 5-85 of the surface O to l-cm sample from China Poot Bay,
the upper photographs show several plant fragments, and large clay fragments

while a siqnificantl.y reduced level of less than 5 pm claY fra9ments comPared
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FIGURE 5-83 SCANNING ELECTRON MICROGRAPHS (1400X) OF KB-1-81 (Grewingh
Glacier).
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FIGIJRE  5-84 . IDENTIFICATION OF MAJOR COMPONENTS IN SEM PHOTO-MICROGRAPH
OF KB-1-81 (Grewingh Glacier).



FIGURE 5-85 . SCANNING ELECTRON MICROGRAPHS (1400X) OF KB-2-81A
(China Poot Bay O-l cm).
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FIGURE 5.36. IDENTIFICATION OF MAJOR COMPONENTS IN SEM PHOTO-MICROGRAM
OF KB-2-81A (China Poot BayO-l cm).
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FIGURE 5-87. SCANNING ELECTRON MICROGRAPHS (1400X) OF KB-2-81B
(China Poot Bay 1-8 cm).
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FIGURE 5-88 . IDENTIFICATION OF MAJOR Cf)!~PONENTS IN SEM PHOTO-MICROGRAM
OF KB-2-81B (China Poot Bay 1-8 cm).
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FIGURE 5-91. SCANNING ELECTRON MICROGRAPHS (1400X) OF KB-4-81
(Seldovia  River Estuary).
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FIGURE 5.920 IDENTIFICATION OF MAJOR COMPONENTS IN SEM PHOTO-MICROGRAM
OF KB-4-81 (Seldovia River Estuary).



to the sample from the Grewingk Glacier delta is observed. IrI the lower photo-

graph for the O to l-cm sample (Figure 5-85), a large diatom and a smaller

fragment of what appears to be a diatom are present in addition to two larger

clay flake fragments as shown in the schematics in Figure 5-86. The 1 to 8-cm

depth sample from China Poot (Figure 5-87) shows a higher relative composit~on

of clay <5 m fragments compared to the surface O to l-cm sample, although the
‘ 1 to 8-cm sample is also characterized by several diatoms and clay fragments.

In the second field from the 1 to 8-mm sample, another large diatom can be

observed along with several fecal pellets and smaller diatom fragments mixed

in with the ?ess than 5- m clay fragments.

In Figure 5-89 for KB-3 (Kasitsna Bay) the photographs

ingl,y high levels of diatom fragments and several clay fragments.

son to other sites sampled, there are significantly more diatom

KB-3, however, here too several clay fragments in the 5 micron

observed.

show exceed-

h compari-

fragments at

range can be

The SEM photographs from KB-4 (Seldovia River Estuary) show very few

clay fragments (Figures 5-91 and 5-92), and in general the samples are charac-

terized by several large organic fragments, fecal pellets and a few diatoms.

Additional discussions of how the SEM characterizations correlate

with hydrocarbon adsorption potential follow the next section on oil/SPM inter-

actions (5.3.4)$ however, from the initial examination it is apparent that
from a mineralogical standpoint, all five SPM types are basically from the

same source which is believed to be terrestrial rock flour generated by gla-

cial action, melting snow and river runoff. This is best represented by the

SH$I characterizations of the rock flour from the Grewi ngk Glacier (KB-1). The
other sites selected then show various degrees of dilution of this rock flour

with other components. KB-3 (Kasitsna Bay) SPM was primarily di-

silica tests from diatoms. KB-4 (Seldovia River Estuary) exhibited

of some of the same basic mineralogical material and was diluted by

organic plant material which was primarily derived from the Spartina
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salt marsh. The two sediment samples from China Poot Bay (KB-2 and KB-2B)

exhibited intermediate results in that the lower (1 to 8-cm subsection) showed

extensive concentrations of’ Terrestrial clay flakes with dilution by plant

fragments and diatom skeletons. Interestingly, in this instance, the upper O

to l-cm sample contained fewer less than 5~m sized clay flakes by weight and

larger contributions from plant fragments and diatoms compared to the 1 to

8-cm samples.

5.3*4 Compound Specific Oil/SPM Partitioning Experiments

After the various sediment samples were characterized with regard to

compositional makeup, a series of static equilibrium partitioning experiments

were undertaken to evaluate their relative adsorption potential for individual

components in Prudhoe Bay crude oil. From these results, two representative

sediment samples showing the greatest and least affinity for crude oil adsorp-

tion were then to be selected for extended flow-through outdoor tank experi-

ments in Kasitsna Bay during the Summers 1981 program. Specifically, these

summer, 1981 experiments were designed to examine partitioning of oil compo-

nents onto suspended particulate material as a function of the degree of sub-

arctic evaporation and dissolution weathering.

For these initial oil/SPbl  characterization experiments, 20 grams of

each sediment type were added to filtered seawater and the mixtures were agi-

tated at 23° with magnetic stir bars. Care was taken in adjusting the stir-
ring motors to insure that Vortexing  in the samples did not occur, and 3.5 ml
of fresh Prudhoe Bay crude oil were added to each beaker. The beakers were
covered (watch glass) and the mixtures were allowed to stir for 4 days and

then allowed to settle over an additional 12-hr period. At that time the
sedimentary material from the bottom of each beaker was carefully siphoned

under vacuum taking care to ensure that none of the sediment came into direct

contact with the oil during removal. Similarly, 300-ml aliquots of the water

beneath the oil slicks were removed for determination of water column burdens.
The respective sediment and water column samples from each experiment were
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then extracted and analyzed for petroleum hydrocarbon contamination along with

unexposed sediment samples to determine background level hydrocarbon compo-

nents present at each site.

Table 5-34 presents the total resolved component and UCM concentra-

tions for the aliphatic  and aromatic fractions from the sediment and water
column extracts. Specific aromatic compound concentration burdens are also

listed for the two phases examined in each experiment. From the data in the
Table 5-34, it is possible to rank the sediments according to their overall

adsorption efficiency for total and specific petroleum hydrocarbon components~

and in the order of decreasing adsorption potential they are: KB-4 (Se?dovia

River salt marsh detritus); KB-I (Grewingk Glacial till); KB-2A (China Poot

Bay surface sediment]; KB-2B (China Poot Bay 1 to 8-cm sediment) and K13-3

(Kasitsna Bay composite sediments). These rankings were qenerated by examin-

ing the cumulative sum of the n-alkanes  and total resolved and UCP4 component

concentrations in the aliphatic  fractions and the total resolved and UCM com-
ponent concentrations observed in the aromatic fractions for each sediment

type . Numerical rankings in the order of 1 through 5 were given to each sedi-
ment for each parameter described above, and these rankings were then summed

to arrive at an overall total to reflect each sediment type’s affinity for
oil. Specific compound concentrations were also considered in this ranking,

as were the relative water column concentrations above each sediment. That

is, an inverse relationship was observed between particulate adsorption poten-

tial and the levels of hydrocarbons observed in the water above each sediment
type, and this relationship was-also used in the overall rankings.

Figures 5-93 and 5-94 present the capillary gas chromatograms ob-

tained on the sediment and water samples from the most adsorptive (Bay-4,

Se?dovia River salt marsh) and least adsorptive (Bay-3, Kasitsna Bay composite

sediment) samples, respectively. Each figure is arranged as follows: Chro-

matogram “A” represents the aliphatic  hydrocarbons in the oil-exposed sedi-

ments; Chromatogram “B” represents the background level of aliphatic hydrocar-

bons measured in the unexposed sample; Chromatogram “C” represents the ali-

Dhatic hydrocarbons in the water column extract; Chromatogram  “D” represents
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TABLE 5-34. RESULTS OF EQuIL16RIut4PARTIT10h41t4G01L/spM  INTERACTION STUDIES (STATIC  SYSTEM, 190c).

AL IPHAT IC FRACTION** AROMATIC FRACTION***

,%
,*

Sayp 1 e :
K .  Clay-l
%?dim(?nt

Ben zenes
Total Tot.sl tn-alk Total Total 1,4&1, 3-dlmethyl ethyl naphthal ene 2-methyl
Res OCfl r,n-alk  fi~— - —  UCMRes. (884) J8_74_)___  (1 196) (1~:) .--—.

Naphthal  enes Phenanthrenes
I -methyl 2-ethyl 2,3-dim.thyl 1,6,7 -trimsthyl phenanthrene 2-methyl
0322) (1!94-4.. .-(_143L ______J.M4.__._._ll!X3). -.. ,0?!4.

340,000 73,000 26,000 0.08
0.007

0.02

0.003

0.02
0.1

0.06
0.001

0.3

46,000 42,000
601 15

15
2.9

62 40
0.56 1.3

630
7.4

550
7.2

91
0.63

48
0.49

400 103 440 290 570 390
7.4 9.8 3.1 1.0 0.23 -flqucous  Phase 4,760 0 33

K; []!ly  -j!
$ed i men t 795,000 18,000 16,000 385,000 7,100

1.907 0
46

3.4
270 90

1.4 3.3
310 96 240 143 200 83

6.8 0.7 2.2 1.0Aqueous Phase 3,380 0 11

K,  ll(ly-?B
;I,dimlvlt 6117,000 51,000 14,000 9.600 22,000

2,720 0AqIIp( III< Phase 170 0 17
t(: Bay:3
5edimcni 85,000 10,000 5,000 35

0.28
44
0.53

12,000 10,000
512 0

33
2.0

130 4
0.74 -

83 25 89
4.4 0.28 2.3Aqueous  Phase 5,840 0 8

~. riay-4
Scrl i men t 253,000 262,000 60,000
Aqueous Phase Not reduced -

very low

44,000 75,000
2,180 0

12
2.9

200 29
0.46 0.16

370 125 337
1.3 0.12 2.2

210
0.34

71

=c.-$~f-a.  9 - 1
8.2U 15.2,, 9.1,, 11.1

“K. Bay-1 .--Grewingh  Glacier Till - fine grained terrestrial plus diatoms, many flakes 5 Pm and less
K. Bay-2A-China Poot Bay surface 1 cm - mstl y > 5 ~m terr plus  sonm  pl ant
K .  Bay-28-China Poot  Bay depth  1-8  cm -  nmst  material . 5 urn
K.  Bay-3 --Kasitsna Bay ccnsol i  dated  sediment  -  m%  d i a t o m s  > 5 “m, some terr.  ~ 5 pm
K.  8ay-4--Seldovia  River salt  marsh -  organic  p lus fecal  pe l le ts

* *Sediment  concentra t ion  in  ~)glkg,  water  concentra t ion  in u9/1

● ** Sedinwnt concentration in “9/kg,  water concentration in ug/1  ; numbers in parentheses are compound Kovat  indices.
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FIGURE 5-93.

3

~ ::
FLAME IONIZATION DETECTOR CAPILLARY & CHROMATOGRAMS  FRON KB-4
(sELDOvIA RIvER SALT MARSH) OIL/spM INTERACTION STUDIES:
(A) AL IPHATIC HYDROCARBONS IN THE OIL EXPOSED SEDIMENTS;
(B) BACKGROUND LEVEL ALIPHATIC HYDROCARBONS MEASURED IN UN-
EXPOSED SEDIMENT; (C) ALIPHATIC HYDROCARBONS IN THE WATER COLUMN
EXTRACT; (D) AROMATIC HYDROCARBONS IN THE OIL EXPOSED SEDIMENTS;
(E) BACKGROUND LEVEL AROMATIC HYDROCARBON COMPONENTS MEASURED
IN THE UNEXPOSED SAMPLE; AND (G) ARO!WTIC HYDROCARBONS IN THE
WATER COLUMN EXTRACT.
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FIGURE 5-94.
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m

FLAME ION I ZATION DETECTOR CAPILLARY GAS’ )C~~OMATOGR~S FROM ~-~
(KASITSNA BAY COMPOSITE  SEDIMENT) OIL/SpM INTERACTION STUDIES:
(A) ALIPHATIC HYDROCARBONS IN THE OIL EXPOSED SEDIMENTS;
(B) BACKGROUND LEVEL ALIPHATIC HYDROCARBONS MEASURED IN UN-
EXPOSED SEDIMENT; (C) ALIPHATIC HYDROCARBONS IN THE MATER COLUMN
EXTRACT; (D) AROMATIC HYDROCARBONS IN THE OIL EXPOSED SEDIMENTS;
(E) BACKGROUND LEVEL AROMATIC HYDROCARBON COY? PONENTS MEASURED
IN THE UNEXPOSED SAMPLE; AND (G) AROMATIC HYDROCARBONS IN THE
MATER COLUMN EXTRACT.



the aromatic hydrocarbons in the oil-exposed sediments; Chromatogram  “E” repre-

sents the background level aromatic hydrocarbon components measured in the

unexposed sample; and Chromatogram “G” represents aromatic hydrocarbons in the

water column extract. Clearly, the most significant differences appear in

considering the aliDhatic fractions for the oil-exposed sediments, (Chromato-

grams A in Figures 5-93 and 5-94). The Seldovia River salt marsh sample shows

a significant unresolved complex mixture and a suite of normal and branched

hydrocarbons extending from nC-10 through nC-31. While this same suite of

compounds is observed in the Kasitsna 13a.y sediments, the unresolved comPlex

mixture is significantly smaller as is reflected in the reduced UCM data in
Table 5-34. The aliphatic fraction chromatograms  on the unexposed sediments

showed some differences, with higher molecular weight odd numbered n-aJkanes

clearly predominating in the Seldovia River salt marsh sample. Specifically,

nC-23, nC-25, nC-27 and nC-29 from plant wax components are clearly the most
predominant feature in Figure 5-93B. Slightly higher a?iphatic water column

concentrations are observed in the samples from KB-3 compared to KB-4, and
this reflects the inverse relationship noted above for SPM adsorption poten-

tial and water column hydrocarbon burdens.

The a r o m a t i c  f r a c t i o n s  of t h e  c o n t a m i n a t e d  s e d i m e n t s  a p p e a r  t o  b e

v e r y  s i m i l a r , h o w e v e r , here aqain the unresolved complex mixture in the

Seldovia River salt marsh sample is significantly larger, and higher levels of

individual aromatic components with Kovat indices extending  from 1400 to 1788
are noted with the organic-rich Seldovia River salt marsh SPM. The data in

Table 5-34 also illustrate that a factor of 7 increase in total aromatic unre-

solved component concentrations is noted in comparing the Seldovia  River and

Kasitsna Bay sediment samples. The aromatic fractions of the uncontaminated

sediments (Chromatoqrams E in Figures 5-93 and S-94) show several significant

differences, and in Particular  more higher molecular weight components can be
observed in the sediment sample from the salt marsh. The large peaks near

Kovat index 1900 to 2200 in the middle of both chromatograms are believed to
be due to polyunsaturated components of biogenic origin; however, additional

identifications of components in the aromatic fractions of the unexposed sam-
Ples will not be a v a i l a b l e  u n t i l  a d d i t i o n a l  GCMS  a n a l y s e s  a r e  u n d e r t a k e n .
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Interestingly, t$e aromatic fraction of the water column components

a~pear very similar for both samples. This largely reflects the higher
compound-s~ecific seawater solubilities for the lower molecular weight alkyl -

substituted benzenes in the Kovat indices range of 700 to 874 and the limited
solubilities of the alkyl-substitutecl  naphthalenes in the Kovat index range of

1305 throuqh 1542. It should be noted, in general, that the lower molecular

weight aromatics do not specifically adsorbe onto the particulate material,

but that they instead reside in the water column beneath the slick. Sever81

lower molecular weight aromatics  are suggested by the chromatograni in Figure

5-94D of the aromatic fraction of the sediment sample from KB-3; however,

their presence may simply reflect inclusion of slightly greater volumes of

water collected during siphoning off the sediment sample.

In terms of the overall oil affinity of the five selected SPM sam-

ples, several interesting correlations can be made between the composition
data of the SPM as determined by scanning electron microscopy and the results

from the glass capil?ary/qas chromatographic analyses. Specifically, the

.Seldovia Bay estuary !3PM had the highest Overall affinity for oil, and the SEM

@Totos illustrate that this material was primarily composed of diatoms and
larger ( g r e a t e r  t h a n  3 0  pm) o r g a n i c  f r a g m e n t s  a n d  fecal pellets. It also

contains a few clay fragments which, as will be shown below, also have a very
high affinity for oil.

The fine glacial rock flower or till from the Grewingk Glacial delta

ex$ibited the next

showed aq equal or

to the organic rich

photographs of this

highest affinity for hydrocarbons, and in many instances,

greater affinity for specific aromatic compounds ccxnpared

detrital sediments from the Seldovia Bay estuary. The SEV~

material show that the sample  is primarily very small clay

fragments plus a relatively limited number of diatoms, which no doubt came
from the marine input and flushing of the intertidal zone. The high affinity
for o~l in this instance, is believed to be due to the high surface area (on a
surface area per weight basis) due to the profusion of fine clay fragments.
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Because of this material’s high affinity for oil and the fact that the near-
shore waters in many areas in Alaska receive significant contributions of SPM

from glacial till, this sample was considered to be ideal for extended long-
term studies. Ironically, only small amounts of this relatively pure material

could be obtained from intertidal
found, only limited amounts could

deposits from standing pools at

sources near Kasitsna Bay, and where it was

be obtained by scrapping very thin belts or

the glacier delta. Because of the active

geological nature of this site, however, a continued source of this material

could not be deoended upon. Further, the site was only accessible by whaler

and as such, logistical and weather constraints were considered to be major

obstacles which would prevent obtaining the necessary kilogram quantities of

this material for inclusion in the flow-through oil/SPM interaction studies.

The SPM sample with the next highest affinity for oil was the surface

O to l-cm mat from China Poot Bay (K 13ay-2A). The SEM photographs of this

sample showed it to be primarily made up of clay and plant fragments with an

occasional diatom skeleton. The 1 to 8-cm depth sample from this site also

showed high affinities for aliphatic  and aromatic components; and the SEM
photographs in this case showed a higher concentration of the less than 5 pm

sized clay fragments with additional input and/or dilution from diatoms. The

SPM sample from K E3ay-3 (Kasitsna Bay) which showed the lowest affinity for

adsorption, consisted almost exclusively of diatom fragments (by weight) with

a few clay fragments in the less than 5 micrometer size range appearing in the

background of the SEM ~hotos.

The results of these initial oil/SPM interaction studies are in good

agreement with the work of several other authors who have investigated oil/
sediment interactions. Several of these similarities and one striking differ-
ence (dealing with a previous study on Glacial till) are considered in the

following discussion.

With regard to similarities, GERRING et al. (1979) also reported tfie

fractionation or partitioning of lower molecular weight aromatic compounds
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( i n c l u d i n g  up t o  3-ring a r o m a t i c s )  i n t o  t h e  d i s s o l v e d  phase before tidsorp~~o~

of the oil onto suspended particulate material and subsequent sinking, In

test tank studies completed at the Marine  Ecosystem Research Laboratory at. the

University of Rhode Island, they found that the aromaticlaliphatic  ratio in

the sediment was much lower than that in the parent oil suggesting that prefer-
ential dissolution of lower molecular weight com~ounds may be occurring.

S~ecifically, 2-34% of the higher molecular weight aliphatic,  acyclic and

qreater thafi 3-=rinq hvdroczrbo~s  were absorbed onto the suspended particulate~

and sediments in contrast to 0.1% of the more water soluble naphthalene and

methyl na9bthalerne components which were the predominant aromatic materials in

the No. 2 fuel oils used in their studies.

MINTER (1978) also observed similar partitioning in studying two

simulated oil spills and one mixture of arornat’ic  Cornpouncis  acicled to a test
tank. The petroleum derived alkanes  were approximately 10 times greater i n
the oarticu?ate fraction, and the lower molecular weight aromatics were at

least !5 times more concentrated in the dissolved phase.

In samples of suspended particulate material collected along tran-
sects perpendicular to the South Texas OCS near corpus Christi, PARKER and

MACKO (l~?~) noted that the concentrations Of higher mo~ecular  weight (rIC-28

through nC-30) compounds remained relatively constant with distance from the

shore while the total particulate hydrocarbon burdens decreased with increas-
ing distance. These authors attributed this to the introduction and sorption

of the hydrocarbons near the shore with subsequent movement of particulate
bound oil with Deferential retention of the higher molecular weight compounds

during weathering. Several higher molecular weight polynuclear  aromatic hydro-
carbons were also identified on the particulate material, and these included

alkyl-substituted naphthalenes, phenanthrenes, dibenzothiophenes, fiuoran-

threne and ~yrene. Concentrations of these materials were too low for quanti-

tation; however, they could be detected by selected ion monitoring GC/?4S.
Similar Dartitioninq of lower and higher molecular weight compounds have been
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observed by DELAPPE et al. (1!178) in a study designed to measure the partition-

ing of petroleum hydrocarbons among seawater particulate and the filter feet-

inq Mytilus californianus.

PAYNE et al. (1980) and BOEtiM and FIEST (1980) also observed

lar partitioning between lower and higher molecular weight comp~unds

dissolved  phase and suspended particulate material samples removed by

tion of large

blowout in the

In a

volume water samples obtained in the vicinity of the

Gulf of Mexico.

a simi-

in the

filtra-
1 XTOC- I

laboratory study, MEYERS and QUINN (1973) found that the hydro-

carbon adsorption efficiency (for the less than 44 pm particle sized frac-

tions) decr~asecj in the Order Of bentorlite  > kaolinite  > illite > monmo~illi-

nite. Interestingly, w~e~ Meyers and Quinn treated sedi~en~ samples from

Narragansett Bay with 3~ peroxide  to remove  indigenous  organic material, an

increase in absorption potential was noted. These authors concluded that the

organic material (which was presumably humic substances) presumably masked the

sorption sites on the sediment thereby reducing the available surface area for
adsorption of the organic compounds. SEUSS (1968), on the other hand, has sug-

gested that a 3 to 4% organic material coating on clay will enhance sorption
Processes by providinq, in effect, a lipophillic layer to enhance non-polar

hydrophobic binding. These results would be more in line with the results of
our most recent studies in comparing the adsorption potential of the organic

rich materials from the Seldovia  River estuary (KEI-4) to the composite diatom

rich sediment samples from Kasitsna Bay (K6-3).

In a laboratory study ZURCHER et al. (1978) considered the di SSO1 u-
tion, suspension, aqlomeration  and adsorption of fuel oil onto Pure kaolinite.

In their studies, as in ours, the dissolved water column samples showed sig-
nificant levels of lower molecular aromatics in the benzene to methylnaphtha-

lene range, and the adsorbed fraction contained n-alkanes and aromatics from
Kovat. indices 1400 through 3200. The clay minerals in this experiment were
shown to adsorb about 200 mg of hydrocarbons per kilogram of dry material.
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MEYERS and QUINN (1973) reported a similar value of 162 mg/ki logram for dry
kaolinite. Our data, in Table 5-34, suggest values in line with these earlier

determinations with a low of 122 mg/kilogram (total resolved and UCN from both

the aliphatic and aromatic fractions) from the SPM samples ~“rom l(asit~n=  Bay

(KB-3) to a high of 1.2 cj/kilogram  for the O to l-cm SubSample  from the ticlal

mud flats from China Poot Bay (l(B-ZA).

Uhile the r~sul~s of these most recent oillSPM interaction s~~ciies

using represmtative  samples from the lower cook Inlet parallel the finclings

r~r)orted  by previous investf~ators, they are somewhat contradictory to rec~~~

results r~~ortecl  by MALINKY and SHAM (1979). These authors examined the asso-

CiatiC)n of two lower molecular weight petroleum components and suspended sedi.

ments (primarily gracially derived sediments from the south central Alaska
region) and concluded that sedimentation of oil by the adsorption to suspended

mineral particles may not be a major pathway for the dispersion of petroleum
in the marine environment. In that study, however, they used 14C-labelled

decane and biphenyl at near saturation levels. In these experiments, the
concentrations of the two hydrocarbons associated with the sediments was

approximately 30% of the original aqueous concentration in parts per million.
Fr~m loadings of permitted discharges in Port Valdez and measured sediments

loads, the authors calculated that less than 3% of the oil released into the

harbor could be associated with the sediment. Thus , the authors concluded

that adsorption of hydrocarbons to suspended particulate material was not that
significant, and that the role of suspended mineral particulate material may

be far less significant in adsorption of polynuclear aromatic hydrocarbons in
natural waters than is the role of total suspended matter. The applicability

of their findings to real Oil sp i l l s  s i tuat ions  in  natura l  env i ronments  may be

l i m i t e d ,  h o w e v e r , i n  l i g h t  o f  t h e  f a c t  t h a t  t h e y  d i d  n o t  u s e  a  n a t u r a l  o i l  o r

even a water accommodated fraction of a natural oil, and by the fact that the
compounds which were utilized have significantly higher water solubilities

that the more toxic ~olynuclear aromatic hydrocarbons of interest. Clearly,

the results of our studies on the glacially derived till from the Grewingk
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Glacier show that it does have a high affinity for polynuclear aromatic hydro-

carbons (see Table 5-34) and ~hat the high surface area of the glacial till
can provide an active site tor oil adsorption and ~ltimate  sedimen~ation.

5*3.5 Extension of Oil/SPbl  Interaction Studies Wring the Summer 1981 Pro-
gr~m at KaSitsna Bay

After the initial characterization of the component specific affinity

of the five representative SPM types, extended oil/SPh’l  interaction  studies

were wtd+?rtaken  at Kasitsna flay, Alaska during the Summer 1981 program. Un-

like the previously completed experiment where oil was allowed to interact

with suspended particulate material in a closed system~  the more recent Alaska

experiments were designed to look at the time-dependent par~i~ioni~g of select-

ed hydrocarbons onto SPM as Other evaporative and dissolution processes were

simultaneously occurrinq. That is, an overall SPM load was established in the
flow-through seawater system in two of the o~tcloor tanks, afxl oil was then

added to the tanks with turbulence induced by propeller mixing. The sediments

chosen for these ex~eriments werp from K13.4, (Seldovia River Estuary) and KB-3

(Kasitsna Bay). As described previously” these had the greatest and least
affinity for specific components in the static equilibration experiments com-

pleted before the onset of the Summer 1981 Alaska field program.

For the Kasitsna Bay field experiments, a separate input water reser-

voir was constructed for tanks 5 and 6 in the outdoor flow-through system
(Figure 5-95). Aliquots of sediment were then added directly to the water in

each side of the bifurcated reservoir (which was fed natural seawater) and a
continuous supply of SPt4 burdened water was then fed into the outdoor tanks.

One stirring motor was mounted on each side of the sediment/seawater reservoir

to keep the finer grained sediment in suspension, and a peristaltic pump was

used to feed the sediment laden water at a flow rate of 100 ml/minute to tanks
5 and 6, respectively. The sediment master reservoir contained 77 liters on

each side, and weighed amounts of additional sediment was added periodically
(every 3 to 10 hours) to maintain an overall  sediment load in the master res-

ervoir of 8.7 grams/le When delivered to the 187 L experimental tanks at a
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flow rate of 100 ml/min, ultimate 5PM loads of 40 mg/L for Kasitsna Bay and 20

mq/L for the Seldovia sediments were maintained in the experimental chambers.

Tank 6 received sediments from Kasitsna Bay, and tank 5 received sediments

f r o m  t h e  Seldovia R i v e r  s a l t  m a r s h . Oil w a s  t h e n  s p i l l e d  a s  befcire oftto the

e x p e r i m e n t a l  t a n k s , a n d  a g i t a t i o n  w a s  m a i n t a i n e d  w i t h i n  t h e  e x p e r i m e n t a l  t a n k s

w i t h  t w o  a d d i t i o n a l  s t i r r i n g  m o t o r s .

Durinq the ex~eriment, water samples from the exhaust ports of the

respective tanks were filtered throucjh  a 293-mm diameter, 0.45-micron kiln-
fired qlass fiber filter to remove the suspended particulate material, and the

filtered water column samples were contained in a glass carboy for methylene
chloride extraction and analysis of the dissolved phase (Figure 5-96).

Prior to each large volume (20 L) sample for chemical analysis, a

smaller !50-ml aliquot was filtered through tared 2.5 cm, 0.45 micron milliPOre

filter for determinations of 5PM loading. After each chemistry sample was

obtained, the 293 mm diameter glass fiber filter was removed and folded into

kiln-fired aluminum foil (Figure 5-97) and frozen awaiting shipment to La

Jolla for later extraction and analyses. Water column samples, were extracted

with methylene chloride (3 x 250 ml) at the Kasitsna Bay facility (PAYNE et
al., 1980) and the methylene chloride extracts were then reduced in volume

using Kurderna-Danish concentrators and dried (water removal) by Passa9e

throuqh Na2S04 columns. The concentrates were then sealed in scintillation

vials with foil-lined caps and shipped to La Jolla for analysis.

Tables 5-35 and 5-36 present the time series sampling points, sample

matrix and sediment loading as measured gravimetrically from tanks 5 and 6

during the running of the oil/SPhl interaction studies. The methylene chloride

extracts from each of the time-series steps shown in the table and the frozen

f i l t e r s  a r e  C u r r e n t l y  i n  s t o r a g e  at 3“C and -20”C, r e s p e c t i v e l y ,  a w a i t i n g

f u r t h e r  e x t r a c t i o n  a n d  a n a l y s e s .
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FIGURE 5-96. OUTDOOR TANKS AND FILTRATION SYSTEM USED FOR CONTINUOUS FLOW
OIL/SPM INTERACTION STUDIES AT KASITSNA BAY, ALASKA. SUSPENDED
PARTICULATE MATERIAL IS TRAPPED ON 293 mm DIAMETER KILN FIRED
GLASS FIBER FILTERS MAINTAINED IN THE STAINLESS STEEL FILTER
ASSEMBLY AND DISSOLVED HYDROCARBON COMPONENTS ARE EXTRACTED
FROM THE WATER SAMPLES TRAPPED IN THE GLASS CARBOYS.
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FIGURE 5-97. AFTER FILTRATION, FILTER sAMpLES WERE FOLDED INTO KILN-FIRED
ALUMINUM FOIL AND FROZEN. WATER COLUMN SAMPLES WERE EXTRACTED
WITH METHYLENECHLORIDE, DRIED OVER NazSOQ CONCENTRATED (KD
APPARATUS) AND SEALED IN FOIL CAPPED SCINTILLATION VIALS AND
STORED AT 3“C. AT THE CONCLUSION OF THE SUMMER/FALL 1981 PROGRAM
ALL SAMPLES WERE SHIPPED TO LA JOLLA FOR ADDITIONAL FRACTIONATION
AND ANALYSES.
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TABLE 5-35. SAMPLING TIMES AND SEDIMENT LOAD FOR FLOW-THROUGH OUTDOOR
TANK SPM STUDIES USING SELDOVIA SALT MARSH SEDIMENT --
TANK 5 PARTICULATE MATERIAL, FILTERED SEAWATER AND OIL
SAMPLES COLLECTED AT EACH TIME INDICATED.

Date

9/20

9/20

9/20

9/21

9/21

9/22

9/24

9/28

Time

1230

1530
1830

0030

1230

1230

1230

1230

Cumulative Time

O hrs

3 hrs

6 hrs

12 hrs

24 hrs

2 days

4 days

8 days

Sediment Load (mq/k)

19
-.

15

18

20

23

19

36

TABLE 5-36. SAMPLING TIMES AND SEDIMENT LOAD FOR FLOW-THROUGH OUTDOOR TANK
SPM STUDIES USING KASITSNA BAY SEDIMENT -- TANK 6 PARTICULATE
MATERIAL, FILTERED SEAWATER AND OIL SAMPLES COLLECED AT EACH
TIME INDICATED.

Date

G

9/20

9/20

9/21

9/21

9/22

9/24

9/28

Time Cumulative Time Sediment Load (mg/R~

1200 0 hrs 36

1500 3 hrs 40

1800 6 hrs 39

0000 12 hrs 37

1200 24 hrs 39

1200 2 days 39

1200 4 days 32

1200 8 days 30
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From these experiments we hope to derive time-series oil/SPM parti-

tion coefficients for specific compounds as a function of the overall degree

of oil weathering. While the results of the initial oil/SPM interaction

studies may appear to duplicate some aspects of previously published work, it

should be pointed out that the purpose of comDletirtg  the static experiments in

1-a Jolla was not to repeat the earlier studies, but to determine which two of
the five representative Lower Cook Inlet sediment types should be utilized for

the extended oil/particulate material interaction studies where evaporation

and dissolution weathering ~erturbations to the process were included as part

of the experimental design. Furthermore, several features of our approach are
unique, and these factors are important to our understanding of longer term

sub-arctic oil/SPM interactions. First, no other study has examined a cross

section of suspended particulate material types from the Lower Cook Inlet area

and looked at the compound specific partitioning to the material as a function

of its source. Secondly, the time series oil weathering experiments conducted

during the Summer 1981 program were designed to evaluate the affects of

changes in oil viscosity on oil/particulate material interactions. Specifi-

cally, oils which have undergone evaporation and dissolution weathering do not
tend to form micells and dispersions of oil-in-water to the same degree that

fresh oils do. This was observed in our wave tank experiment where 1 to 10 mm

diameter droplets were clearly present for the first 12 hours of weathering

but not thereafter and in the flow-through outdoor tanks where turbulence was
introduced by propeller mixing. In both cases, oil/micell formation and dis-

persions were shown to fall off rapidly after the first 12 to 24 hours. As a

result of this behavior, availability of oil micells in the water column will

change with time, and this will significantly affect the degree to which oil
is available for particulate interactions and the rates of these processes.

Our ex~eriments were designed to evaluate these factors such that a
better understanding of their influence on oil-SPM interactions could be

focused toward developing more accurate predictive capabilities on the effects
of suspended particulate material on actively weathering oil.
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5.3.6 Long Term Fate of Stranded Oil in Selected Intertidal Regimes in the
bwer Cook Inlet Kachemak Bay/Shelikof Strait Area

As another but related aspect of the oil weathering program, SAI
scientists participated in a collaborative effort with Drs. Griffiths and

Morita (RU 190) to evaluate long-term weathering trends in sub-tidal sediments
which had been contaminated with fresh and artificially weathered Cook Inlet

crude oil. In that the results of those analyses detailed the long-term (UP
to 1 year) chemical weathering of sedimented oil, and are therefore

to the overall qoals of this program, a COCIY of our report on the

analyses of the subtidal sediments has been included as Appendix C

report.

IrI the Griffiths  and Morita program, fresh and artificial

relevant

chemical

of this

y weath-
ered* Cook Inlet crude oil samples were spiked into subtidal sediment quad-
rants, and these quadrants were then placed back into the subtidal regime in

Kasitsna Bay and Sadie Cove. Three levels of spiking were utilized: 50 Parts

~er thousand (ppt), 1 p~t and 0.1 ppt (using both fresh and artificially

weathered crude), and samples from these experiments were chemically analyzed

at time O and after 1 year of natural weathering in

After one year, essentially no measurable
took place in the sediments which had been spiked

either fresh or previously weathered Cook Inlet

the subtidal  regime.

hydrocarbon biodegradation

at the 50 ppt level with

crude oil. Additionally,
GRIFFITlis and MORITA (1980) reported that from time-coarse experiments using

sediments treated at the 50 part per thousand level with fresh crude oil, that
affects Of the crude oil on glucose  uptake would continue for 3 to 5 years and

the effects on nitrogen fixation would continue for an estimated 2 to 8 years.

At 1 ppt extensive degradation of the lower molecular weight aliphat-

ic fraction was noted, but many of the aromatic components were not degraded.

Wil allowed to stand on seawater in static tanks for one week.
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Statistically significant reductions in glucose uptake rates, nitrogen fixa-

tion rates, and redox potentials and a significant increase in respiration

percentages were also noted. Interestingly, the effects on nitrogen fixation

in the 1 to 50 ppt oil range were limited to fresh Cook Inlet crude. The

weathered crude oil did not produce the same effects at these concentrations.

In the sediments treated with 0.1 ppt crude oil there
100% degradation of both the aliphatic  and aromatic components

No significant changes in glucose uptake or respiration rates

was essentially

after one year.

were noted, and

methane concentrations, C02 production rates, nitrogen fixation and denitrifi-

cation rates were not significantly affected. There was, however, an 89%

reduction in redox potential in the quadrants at this level and this finding
was deemed to be important since redox potential is depressed after the crude

oil has been degraded. It was suggested that the added carbon source plus the

toxic effects of the oil itself caused in increased !300 in the system, and

that this then further altered the sediment chemistry after the crude oil
degraded.

Thus, while considerable data have been generated on the long-term

fate and chemical weathering of oil in subtidal regimes in the Alaskan sub-
arctic, no parallel set of data as yet exist on the rates and extents of the

chemical weathering processes on stranded oil in sub-arctic intertidal zones.

As part of this program then, a series of controlled intertidal oil-

degradation experiments were initiated during the summer 1981 field study.
The previously characterized sites, KB-1 through KB-4, plus an additional site

(HI-5) at the head of Jakolof Bay (Figure 5-81), were thus revisited and a
series of “controlled” intertidal sediment “oilings”  were initiated.

At each of the sites a series of three 1 m2 vented corrals were

buried (Figure 5-98) in the intertidal sediments as the tide receded, and then

each corral was “oiled” with 1.5 liters of fresh Prudhoe Bay crude oil (Figure

5--W). At each site a corral was placed in the upper intertidal zone at an”

elevation such that tidal flooding would occur only every 10 to 16 days during
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FIGURE 5-98. INSTALLATION OF LOWER INTERTIDAL CORRAL FOR LONG-TERM STRANDED
OIL STUDIES AT
INSTALLATIONS,
THE INTERIOR 1

GREWINGK GLACIER (KB-1). DURING ALL CORRAL
CARE WAS TAKEN TO ENSURE THAT THE SURFACE OF
~2 pORTIfJN  OF THE TEST SITE !JAS NOT DISTURBED.
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FIGURE 5-99. INTERTIDAL CORRAL AT CHINA POOT BAY (KB-2) 2 MINUTES AFTER
1.5 L ADDITION OF FRESH PRUDHOE BAY CRUDE OIL.

363



maximum tidal excursions (Figure 5-100). A second corral was then placed in

the middle intertidal zone such that tidal action would be encountered daily,

and finally, a third corral was buried in the lower intertidal zone such that
during neep tides, the sediments would be continuously covered by seawater for

several days. At three of the intertidal sites (specifically, KB-3, Kasitsna

Bay; KB-4, Seldovia salt marsh; and KB-5,

were staked out adjacent to the intertidal

“oiled” with 1.5 1 of 10 day old weathered

ments being run concurrently at the Kasitsna

Jakolof Bay) additional quadrants

corrals, and these sediments were

mousse from the wave tank experi-

Bay facility.

By including naturally

utilized in the experiments, the

tally removal of lower molecular

weathered mousse along with the fresh oil

importance of o~en ocean weathering (specifi-

weiqht aromatic components due to evaporation

and dissolution processes) on intertidal sediment impact and recovery could

also be evaluated. Further, in that mousse and weathered crude oils have

higher viscosities and pour points than fresh crudes, the studies were in-

tended to provide data OrI the difference in oil weathering as a function of

the degree of penetration into the intertidal sediments.

No attempt was made to artificially mix the oil into the intertidal

sediment, as the ex~eriment.s were intended to simulate, as closely as possi-

ble, the effects of oil stranding after contamination during maximum tidal

periods. Jakolof Bay was added to the other previously characterized sites,
in that it is a location which experiences permanent shore-fast ice during

several of the winter months. In this manner, it was hoped that the effects
of this ice cover on intertidal oil weathering behavior could be examined. As

shown by the scanninq electron microscope data and oil adsorption potential
results from these sites, significantly different intertidal substrates repre-
sentative several low energy intertidal regimes are encompassed in this study.

Table 5-36 presents the time series sediment samples which were ob-

tained following the oiling at each site. Additional samplings are planned
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FIGURE 5-1100 INSTALLATION OF UPPER INTERTIDAL CORRAL AT JACKOLOF BAY
(KB-5). THIS SITE IS TYPICAL OF ONE MHICH WOULD BE
EXPOSED ONLY DURING SPRING TIDES, APPROXIMATELY EVERY
2 WEEKS.
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during our upcoming winter 1981/1982 field efforts. Inihediately  after sam-

Dling, the sediment samples from each site were frozen, and they are currently

awaiting extraction and analyses which will be undertaken during the next
several months. During the installation of the quadrants extreme care was

taken to avoid disturbing the center of the quadrant such that oil penetration
would not be artificially enhanced. Also, at each site, vertical transect and

detailed photographic data were obtained such that the degree of tidal expo-
sure can be quantitated over the anticipated 6-12 month duration of these

experiments.

Initially we had intended to select three intertidal areas which

would be representative of three environments of significantly different long-
ranqe oil vulnerability as indicated by the associated Hayes/Gundlach

Environmental Susceptibility Index (ESI) (GUNDLACH and HAYES, 1978; HAYES et

al., 1976). This ap5roach was modified, however, to examine the long-term

weathering rates of oil in selectively different low-energy intertidal regimes

as a function of sediment type, detrital inlwt, fresh water availability and

tidal exposure. Thus , while each of the intertidal sites selected could be

classified with ESI indices values of 9 and 10 (sheltered tidal flats and/or

marshes) subtle differences due to the topography at the selected sites (in-
cluding fresh water input, extensive Spartina covering, possibility of wave

scour, etc.) were included in the experimental design.

The purpose behind evaluation of differential hydrocarbon removal and

oxygenated product formation is to determine if impact profiles can be gener-

ated as a function of the sub-arctic intertidal environment. These data will

be useful to manaqers in oil spill predictions to assess long-term  affects on
different sub-arctic intertidal zones as a function of the energy regime and

the sediment matrix. Correlation of these degradation rates with further
refinement of numerical values (such as the Hayes/Gundlach  index) will then be

hel~ful in prediction and mapping ultimate long-term impacts for different
intertidal zones. If oiled sediments from a particulate intertidal regime



were removed by storm activities and then redeposited in the nearshore sub-

tidal region, potential rerelease  of lower molecular weight aromatic compounds
to the water column and/or inhibition of biotic activity as demonstrated by

GRIFFITHS  and MORITA (1980) in many of these sediments can take place. Knowl-
edge of thfs potential behavior is felt to be important for long-term environ-

mental impact assessment.

As noted above, data on 1 onger term intertidal weathering of stranded
oil can be obtained by reoccupying the field sites dur’tng the winter programs.

In this regard, the corrals and marker stakes (assuming that they have not

been remved or damaged by prior storm activities)  will be critical in relo-

cating the specific oiled sites. Logistics for the winter and spring field

sampling efforts are being coordinated with NOAA’S Kasitsna Bay resident man-

ager to ensure that our actual arrival dates most closely coincide with the

appropriate winter weather and ice conditions.

5.4 Recent Inter-Laboratory Inter-Calibration Programs

SA1’S laboratory has routinely participated in inter-calibration

programs: (1) an inter-calibration program among the participating hydrocar-

bon laboratories in the Southern California OCS BLPI program (PAYNE et al.,

1979a); (2) the first NOAA/OCSEAP sediment inter-calibration program using

iluwamish River samples (PAYNE et al., 1979b); and (3) a water column extract

and mousse inter-calibration among the major laboratories involved in the NOAA

RESEARCHER cruise to study the IXTOC-I blowout (PAYNE et al., 1980a). As part

a more recent

January 1981.

were utilized

of the Multivariant Analysis of Petroleum Weathering Program,

Duwamish 11 sediment inter-calibration program was completed in

In the BLPI inter-calibration program, several different methods

by the participating laboratories, but excellent inter-laboratory accuracy and

precision were obtained. In the first OCSEAP inter-calibration program, our

mm laboratory evaluated three separate methods: $oxhlet extraction; shaker

table extraction; and Soxhlet extraction using solvents recommended by Or.

William MacLeod of NOAA/NWS-Seattle. As in the previous inter-calibration
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exercises, very good inter-method precision was obtained, and examination of

our data and MacLeod’s  showed that essentially identical results were obtained

in both laboratories.

In the most recent inter-calibration program, l.luwamish  11, a shaker

table procedure for sediment extraction was used; however, the solvent systems

were those which are typically utilized in our laboratory for hydrocarbon

analyses. The results of our Duwamish 11 inter-calibration analysis are pre-

sented in Table 5-37. As the data indicate, fairly good precision was ob-

tained, with coefficients of variations generally less than 20 percent for
both the aliphatic and aromatic fractions. Figure 5-101 presents the relative

concentrations of the polynuclear hydrocarbons obtained by our laboratory and
by the NOAA/?W$FS-Seattle  laboratory. The profiles are nearly identical over a

wide dynamic range, and the overall concentrations of amterials are well with-

in one standard deviation. 4s the data suggest, very good agreement between

our laboratory and the National Marine Fisheries Quality Control Laboratory is

obtained. In general, when we conduct replicate analyses to evaluate labora-

tory precision, our results show that coefficients of variations for specific
compounds at nanogram levels are near 20 percent or better.
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FIGURE 5-111. RELATIVE ABUNDANCE PLOTS FOR POLYNUCLEAR  AROMATIC HYDRO-
CARBONS DETECTED IN THE DUWAMISH  11 INTERCALIBRATION SAMPLES.
(A) NOAA NATIONAL MARINE FISHERIES RESULTS AND (B) SCIENCE
APPLICATIONS, INC. RESULTS. NOTE CHANGE IN CONCENTRATION
SCALES BETWEEN DIBENZOTHIOPHENE (DI) ANP pHENITNTHRENE (pH);
COMPOUND IDENTIFICATIONS FOR OTHER COMPONENTS ARE GIVEN IN
TABLE 5-37.
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6.0 CONCLUDING REMARKS AND RECOMMENDATIONS FOR UTILIZATION (IF EXISTING
AND FUTURE EXPERIMENTAL RESULTS FOR OIL WEATHERING MODEL DEVELOPMENT

Significant progress has been made in developing algorithms for evap-

oration and dissolution phenomena for both stirred tank and open ocean spill

situat~ons. blith regard to the latter, both Doint source oil spills such ds

those resulting from tanker incidents and continuous source spill situations

resulting from open ocean blowouts have been considered.

C)ur mathematical description of oil weathering in its present state

considers evaporation using a pseudocomponent oil characterization, and evapo-

ration and dissolution using a component-specific approach. This description

will predict the mass

ponent concentrations

of these mathematical

are in the 13rocess of

pf-oqrams

numerous

At this time,

of oil remaining in the slick as well as

in the oil and air and water columns. The

descriptions have been computerized, and

being coded and tested.

specific com-

major portion

the remainder

) simulated oil spill mass balance and compound specific

can be run for a variety of environmental situations. Further, the

experimental studies which have been completed provide a basis for

comparing predicted and observed evaporation/dissolution behavior. In this

regard the development of the Gc d a t a  base system w a s  c r i t i c a l in allowing

com~ound-specific predicted vs observed concentrations. Predicted and ob-

served results have been generated: (1) for stirred tank studies where water
.

column and oil phase compound-specific data could be compared with computer

predicted results, and (2) for oil distillation curves in order to compare

predicted and observed mass balance for oil after varying stages of weather-

ing. Specifically, predicted and observed mass balance distillation curves

from the Kasitsna Bay wave tank experiments have beeri presented to illustrate

the strength and application of the model and approach. Since a tremendous

amount of information has been obtained from Kasitsna Bay field observations

and measurements,

puter data base

system developed

it has been vital to properly design and implement the com-

system for gas chromatographic data. Only by having this

and available could such field data be used directly for
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verification and modification of the oil weathering model predictions. Speci f-

ically, from the combined results of La Jolla and Kasitsna Bay experiments,

compound-specific data are now accessible (organized by Kovat retention in-

dices) for generation of time-series observed concentration profiles for both

the oil phase and water and air columns under a variety of environmental condi-
tions.

Expansion and coupling of the existing dissolution algorithms to

transport and dispersion models remains to be done; however, this is one of

the topics which will be addressed

shops on Oil weathering Modeling

Place in Seattle in January 1982.

dispersion process algorithms will

in detail in upcoming NOAA-sponsored work-

and Transport which are scheduled to take

Coupling of the dissolution algorithms with

then allow time-dependent hydrocarbon con-

centration predications in the water column for simulated spill situations.

This information will be important to environmental managers in making more

accurate biological impact assessments. Additional algorithm development is

clearly needed to

with fresh oils.

from Kasitsna Bay,

being derived from

incorporate dispersion processes, particularly when dealing

As noted in the discussions of the wave tan< experiments

information on the percent oil dispersed by wave action is

whole-water sample extracts which were obtained during the

first 12 to 24 hours of those experimental studies.

With regard to the status of the oil weathering model development,

the following  activities  are scheduled for completion by January 1982:

1) Incorporation of modifications such that evaporation/dissolution
behavior can be predicted for any of 800 crude oils on which
composition data are currently available through the Bartles-
ville Energy Technology Center (BETC).

2) Additional model testing will be carried out after all pertinent
mathematics have been programmed. The pseudo-component oil-
weathering model will be a~pl icable to any crude or oil cut,
such as heavy naphtha or a gas oil, for which data are avail-
able. Component-specific predictions for any given oil or dis-
tillation product require only that the sample be fractionated
into aliphatic, aromatic and polar constituents and analyzed by
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3)

capillary gas chromatography. With this analysis the initial
oil-component concentrations can be entered into the IX d~tabase
of the model and thereby used for time-series component concen-
tration calculations.

Other pertinent testing of the model includes the prediction of
concentrations of specific compounds in the water colu~n. The
toxicity of these compounds to marine life is directly related
to exposure time and to concerttflation. Thus, the model will be
tested to predict water and air column concentrations for which
appropriate component specific data are available. Coupling of
this predicted dissolution behavior with transport and disper-
sion models will then be undertaken.

4) Two other observable features of weathered oil - viscosity and
mousse formation - are considered to be important because of the
effects they have on mass transport from the slick. Therefore,
existing information on these topics along with the results of
experiments reported here will be used to develop viscosity and
mousse formation predictions.

Dispersion, microbial degradation, suspended particulate material/oil

interactions, photo-oxidation and auto-oxidation are other oil weathering

processes known to occur. However, these are only now beginning to be under-

stood in a mechanistic sense and their mathematical descriptions are still

relatively primitive. Each of these processes is somewhat more complicated

than bulk transport processes, since often complex chemical reactions affect-

ing many compounds are involved, and there are very few accurate descriptions

of chemical reactions to be used for pseudo-component models in the manner of

the evaporation process model developed to date. The resulting mathematical

models involve many variables and will

vation, programming and testing.

As a result of our in

development, it has become clear

tial

that

require thorough experimentation, deri-

experimental activities and algor”

additional physical properties data

thm

are

required, and compound-specific Henry’s law constant and diffusivity determina-

ti~ns are being completed in our laboratories at this time. As noted above,

additional modeling program needs include development of algorithms for model-

ing dispersion phenomena and expansion of viscosity correlations on water-

in-oil emulsions beyond the current Mackay formulations, which predict water-
in-oil emulsion viscosity as a function of wate~ content (MACKAY, 1980).
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Wile compound-specific oil characterizations have been completed on

the four crude oils examined in this program, it is now believed that addi-

tional work on the asphalts and residual (non-distillable) fractions is re-

quired. This is particularly important with regard to mousse formation where

the presence of asphalts, higher molecular weight waxes, and met.al lo-porphyrin

compounds have been implicated in the stabilization and formation of water-in-

oil emulsions (PAYNE, 1981).

The microbial degradation experiments which have been conducted to

date have produced data which allow calculation of total carbon flux into the
water column as a result of bacterial processes; however, several additional

experimental requirements have been defined as outlined below. Experiments

conducted to evaluate the effects of nutrient supplementation on bacterial

degradation rates have shown that only minimal effects are observed as a re-

sult of inorganic nutrient concentrations. An understanding of such informa-

tion is necessary for development of algorithms for modeling microbial degrada-

tion behavior. Specifically, progress has been made in delineating which

variables are important for development of algorithms for these processes and
subsequent investigations are outlined at the end of this section.

The results of our oil/suspended particulate material interaction

studies, which are being analyzed at this time, will better define the dif-

ferences in adsorption and sedimentation of oil as a function of the degree of

evaporation/dissoluti on weathering. with such information, it

sible to develop algorithms for more accurate predictions of

sedimentation behavior. In this regard, longer-term (two month

should be pos-

weathered oil/

and six month)

data obtained from the flow-through wave tank experiments at Kasitsna Bay will

be used to determine the density increases in open ocean mousse as a result of

time dependent accommodation of suspended particulate material.

14hile initial “Dhoto-oxidation  experiments were

early phases of this program, detailed examinations of

have by design been postponed. Additional experiments

undertaken during the

this complex phenomena

need to be undertaken
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to examine the increased flux of oil components to the water column as a re-

sult of photochemical oxidation processes.

The following synopses detail additional specific program areas and

experimental requirements which need to be expanded upon in subsequent stages

of this program.

Oil/Suspended Particulate Material Interactions

Experiments currently in progress are addressing the effects of time-
dependent evaporation and dissolution “weathering” (viscosity change) on oil/

SPM interactions. Additional collection and analyses of mousse and filtered

water safiples from the wave tank experiments currently in progress at Kasitsna

Bay will yield data on the following:

ambient SPM loads fronl”Kasitsna Bay,

density increases in 4 and 6 month old mousse due to accommoda-
tion and adsorption of SPM.

Parameters being considered for algorithm development for oil/SPM interactions

include particulate load, particulate type, turbulence (as it affects disper-

sion of oil micelles), oil composition and viscosity (degree of weathering as
it affects dispersion of rnicelles),  and water temperature.

Water-in-Oil Emulsification (mousse formation)

Considerable progress has been made in developing correlations of

percent water uptake and mousse viscosity (MACKAY, 1980). Wave tank experi-
ments are underway to evaluate mousse formation from Prudhoe Bay crude oil as

a function of chemical weathering (evaporation/dissolution, photo-oxidation,

narticulate adsorption and microbial degradation) and additional analyses are

planned to further characterize the nondistillable residuum for percent as-

phalts, waxes and metal lo-porphyrins. Using this experimental approach as a
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starting point, other ~arameters  for modeling mousse formation include: oil

composition (asphalt, wax and metallo-porphyrin content in addition to stand-

ard compositional data), turbulence regeim, water temperature, oil viscosity,

iwesence of microbial and photo-oxidation products, SPM accretion and density

variations.

Microbial Degradation Studies

The utility of the 14C-labelled hydrocarbon substrate data for estima-

tions of overall parent petroleum hydrocarbon removal from an oil slick due to
microbial degradation is based upon two assumptions: (1) the degradation

potential assay, which relies upon detection of 14C0 z, serves as an accurate

indicator of total degradation (defined as 10SS of parent com~ound molecular

structure); and (2) the hydrocarbon substrates utilized are “typical” in terms

of the biodegradability of other compounds in their class (e.g., hexadecane is

a typical aliphatic, naphthalene is a typical aromatic). To further assess

the soundness of this approach, the following activities are being pursued:

determination of a mass balance for the
14
C-labeled substrates

(i.e. , how the parent compound and associated metabol ites parti -
tlon into the bacterial cell material and surrounding water
column). Th~$ should provide an estimation of how accurate the
detection of C02 is for defining total degradation.

14incorporation of additional C-labeled hydrocarbon substrates
into the degradation potential assay. Emphasis will be made on
aromatics, potentially including such compounds as the PNAs
benz(a)anthracene, benzo(a)pyrene, dibenz(a,h)anthracene, and
dimethyl benz(a)anthracene.

parameters which are currently being evaluated for final development of algor-

ithms for modeling microbial processes include microbial biomass, oil slick

surface area, inorganic and organic nutrient concentrations, dissolved oxygen

concentrations, water temperature, and inhibition of bacterial activity as a

result of the toxicity of dissolved lower molecular weight aromatics.

376



7.0

API

IIIBLIOGRAPHY

(1976). Technical Data Book - Petroleum Refining. American Petroleum
Institute, Washington, D.C.

Azam, F., and 0. Helm-Hansen (1973). Use of Tritiated Substrates in the Study
of Heterotrophy  in Seawater. Marine Biology. 23:191-196.

Ball, J. S., and H. T. Rail (1962). Nonhydrocarbon Components of a California
Petroleum. Division of Refining, 42(3):128-145.

Bassin, J. J., and T: Ichiye (1977). Flocculation Behavior of Suspended Sedi-
ments and Oil Emulsions. Journal of Sedimentary Petrology, 47(2):671-677.

Bellar, T. A., and J. J. Lichtenberg  (1974). Journal of American Water Works,
66:703.

Blumer, M., M. Ehrhardt, and J. H. Jones (1973). The Environmental Fate of
Stranded Crude Oil. Deep Sea Research, 20:239-259.

%oehm, P. D., and D. L. Fiest (19$0). Aspects of the Transport of Petroleum
Hydrocarbons to the offshore Benthos During the IXTOC-I Blowout in the
Bay of Campeche. Proceedings of a SymDosium on Preliminary Results from
the Sept. 1979 Researcher/Pie-rte IXTOC-I Cruise. Key Biscayne, Florida,
(June 9-10). NOAA Oft. Mar. Pol T. Assessment.

Butler, J. N. (1975). Evaporative Weathering of Petroleum Residues: The Age
of Pelagic Tar. Marine Chemistry, Vol. 3, p. 9.

Caparello, D. M., and P. A. La Rock (1975). A Ratioisotope Assay for the
Quantification of Hydrocarbon Biodegradation Potential in Environmental
Samples. Microbial Ecology. 2:28-42.

Carslaw, H. S., and J. C. Jaeger (1959). Conduction of Heat in Solids, Oxford
University Press.

Coleman, H. J., E. M. Shelton, D. T. Nichols, and C. J. Thompson (1978).
Analyses of 800 Crude Oils from United States Oil Fields. BETC/RI-78/1~,
Bartlesville Energy Technology Center, Bartlesville,  Oklahoma.

Clark, R. C., and D. W. Brown (1977). Petroleum: Properties and Analysis in
Biota and Abiotic Systems. p. 1-89. In: D. C. Malins (cd.), Effects of
Petroleum on Arctic and Subarctic ~rine Environments and Organisms.
Academic Press, New York.

Clark, R. C., and W. D. MacLeod, Jr. (1977). Inputs, Transport Mechanisms and
Observed Concentrations of Petroleum in the Marine Environment, P. ~1-
223. In: D. C. Malins (cd.), Effects of Petroleum on Arctic and Sub-
arctic~arine Environments and Organisms. Academic Press, New York.

377



de Lmoe, B. W., R. W. Riseborough,  J. C. ShroDshire,  W. R. Sisteck, E. F.
Letterman, D. R. Cle Lappe, and J. R. Payne (1979). The Partitioning of
Petroleum Related Compounds Between the Mussel Plytilus call forni anus and
Seawater in the Southern California Bight. Dra~al Report 11-15.0,
Intertidal study of the Southern California BiQht. submitted to Bureau of
Land Management, D.C. by the Bodega Marine ‘Laboratory, University of
California, and Science Applications, Inc.

Evaluations of World’s Import Crudes (1973).
Petroleum Publishing Co,, Tulsa, Oklahoma,

The Oil and Gas Journal, The
L1.s.l!.

Fallen, J. F., and K. M. Watson (1944). Thermal Properties of Hydrocarbons.
National Petroleum News, June 7, p. 372.

Feely, R. A., J. D. Cline, and G. J. Massoth (1978), Transport Mechanisms and
Hydrocarbon Adsorption Properties of Suspended Matter in Lower Cook In-
let. Quarterly Rec)ort, Pacific Marine Environmental Laboratory, NOAA,
Seattle, Wash.

Fuhrman,  J. A., Ammerman, J. W., and F. Azam (1980). Bacterioplankton in the
Coastal Euphotic Zone: Distribution, Activity and Possible Relationships
with Phytoplankton. Marine Biology, 60, 20:201-207.

Fuhrman, J. A., and F. Azam ( 1980). Bacterioplankton Secondary Production
Estimates for Coastal Waters of British Columbia, Antarctica, and Califor-
nia. Applied and Environmental Microbiology. 39(6):1085-1095.

Fuhrman, J. A., and F. Azam (1980). Thymidine Incorc)oration as a Measure of
Heterotrophic  Bacterior)lankton  Production in Marine Surface Waters:
Evaluation and Field Results. Marine Biology (in press).

Gamson, B. W., and K. M. Watson (1944). Vapor Pressures and Critical Proper-
ties of Organic Comoounds. National Petroleum News, May 3, p. 259.

Gearing, J. N., P. J. Gearing, T. Wade, J. G. Quinn, tie B. McCarty, J.
Barrington, and R. F. Lee (1979). The Rates of Transport and Fates of
Petroleum Hydrocarbons in a Controlled Marine Ecosystem and a Note on
Analytical Variability, p. 555-564, In: Proceedings, 1979 Oil Spill
Conference (Prevention, Behavior, Cofirol , Cleanup) 19-22 March, Los
Angeles, Calif.

Gold, P. 1. (1969). Estimating Thermoph.ysical
Viscosity. Chemical Engineering, July 14.

Properties of Liquid, Part 10;

Gcrdon, O. C., P. D. Keizer, W. R, Hardstaff, and D. G. Aldous (1976). Fate
of Crude Oil Spilled on Seawater Contained in Outdoor Tanks. Environ-
mental Science and Technology, 10(6):580-585.

378



Griffiths, R. P., and R. Y. Morita (1980). Study of Microbial Activity and
Crude Oil-Microbial Interactions in the Waters and Sediments of Cook
inlet and the Beaufort Sea. Final Report to the NOAA OCSEAP Office,
Juneau, Alaska.

Gundlach, E. R., and M. O. Hayes (1978). Investigations of beach Processes.
. The Amoco Cadiz Oil Spill. A Preliminary Scientific Report, W. N.

g~s (cd.), NOAA/EPA Special Report, pp. 85-196.

Harrison, M. J., Wright, R. T., and R. Y. Morita (1971). Method for Measuring
Mineralization in Lake Sedimentse Applied Microbiology. 21:698-702.

Harrison, U., M. A. Winnik, P. T. Y. Kwong, and D. Mackay (1975). Crude Oil
Spillse Disappearance of Aromatic and Aliphatic Components from Small
Sea-surface Slicks. Environmental Science and Technology, 9:231-234.

Hayes, M. 0., P. J. Brown, and J. Michel (1976). Coastal Morphology and Sedi-
mentation, Lower Cook Inlet, Alaska: With Emphasis on Potential Oil
Spill Imports: Tech. Rept. No. 12-CRD, Coastal Research Division, Dept.
of Geology, Univ. of South Carolina, 107 pp.

Hobbie, J. E., Daley, R. J., and S. Jasper (1977). Use of Nucleopore Filters
for Counting Bacteria by Fluorescence Microscopy. Applied and Environ-
mental Microbiology. 33(5):1225-1228.

Hodson, R. E., Azam, F., and R. F. Lee (1977). Effects of Four Oils on Marine
Bacterial Populations: Controlled Ecosystem Pollution Experiment. Bul le.==
tin of Marine Science. 27(1):119-126.

Hougen$ O. A., K. M. Watson, and R. A. Ragatz (1965). Chemical Process Prin-
ciples, Part I. John Wiley & Sons, Inc., New York.

Jaeger, J. C. (1945). Conduction of Heat in a Slab in Contact with a Well-
Stirred Fluid. Cambridqe Philosophical Society, Proceedings, Vol. 41, p.
43.

John, P., and 1. Souter (1976). Anal. Chem. 48:5200

Jordan, R. E., and J. R. Payne ( 1980). Fate and Weathering of Petroleum
S~ills in the Marine Environment: A Literature Review and Synopsis. Ann
Arbor Science Publishers, Inc., Ann Arbor, Michigan.

Kovats, E. (1958). Helv. Chim. Acts, 41:1915.

Liss, P. G., and P. G. Slater (1974). Flux of Gases Across the Air-Sea Inter-
face. Nature, Vol. 247, January 25, p. 181.

Lloyd, J. B. F. (1971). Nature, 231(64).

Lloyd, J. B. F. (1971). J. Forensic Sci. Sot., 11(83).

379



Mackay, D., J. Buist, R. Mascarenhas,  and S. Paterson (1980). Oil Spill Pro-
cesses and Models, report submitted to Research and Development Division,
Environmental Emergency Branch, Environmental Impact Control Directorate,
Environmental Protection Service, Environment Canada, Ottawa, Ontario,
KIA 1C8.

Mackay, D., and R. S. Matsugu (1973). Evaporation Rates of Liquid Hydrocarbon
Spills on Land and Water. The Canadian Journal of Chemical Engineering,
vol. 51, p. 4340

Mackay, D., and W. Y. Shiu (1977). Aqueous Volubility of Polynuclear Aromatic
Hydrocarbons, Journal of Chemical Engineering Data, Vol. 22, #4, p. 399.

Maiero, II. J., and A. Ruby (1979). Environmental Sensitivity Index (ESI) for
Lower Cook Inlet (unpublished manuscript).

Malinky, G. and D. G. Shaw (1979). Modeling the Association of Petroleum
Hydrocarbons and Sub-Arctic Sediments, p. 621-624, In: Proceedings, 1979
Oil Spill Conference (Prevention, Behavior, Cont~ol, Cleanup), 19-22
March, Los Angeles, Calif.

blcAuliffe,  C. (1977). Evaporation and Solution of C to Cl Hydrocarbons from
Crude Oils on the Sea Surface.. ~: D. A. Wol?e (ed.~, Fate and Effects
of Petroleum Hydrocarbons in Mar~ne Organisms and Ecosystems, Pergamon
Press.

Meyer-Reil, L. A. (1978). Autoradiography and Epifluorescencce Microscopy
Combined for the Determination of Number and Spectrum of Actively Meta-
bolizing Bacteria in Natural Waters. Applied and Environmental Micro-
biology. 36(3):506-512.

Meyers, P. A., and Jo G. Quinn (1973). Association of Hydrocarbons and Min-
eral Particles in Saline Solutions. Nature, 244:23-24.

Nagata, S., and G. Kondo (1!377). Photo-Oxidation of Crude Oils, p. 617-620.
. Proceedings, 1977 Oil Spill Conference (March 8-10, New Orleans, LA)

krican Petroleum Inst. Pub. No. 4284.

Parker, P. L. and S. Macko (1978). An Intensive Study of the Heavy Hydrocar-
bons in the SUspenclecl Particulate Matter of Seawater, Ch. 11 of South
Texas Outer-Continental BLM Study.

Payne, J. R., P. J. Mankiewicz,  J. R. Nemmers, R. E. Jordan, I. R. Kaplan, M.
1. Venkatesan,  S. Brenner, J. Bonilla, D. Meredith, B. Meyers, B. Haddad,
A. L. Burlingame, A. Ensminger, G. Gould, and M. L. Moberg (1978a). High
molecular weight petroleum hydrocarbon analytical procedures. Southern
California Baseline Study, Benthic Year II. Volume III, Report 5.0.
Final report submitted to the Bureau of Land Management, Department of
Interior, Washington, D.C. by Science Applications, Inc.

380



Payne, J. R., J. R. Clayton, Jr., B. W. deLappe, P. L. Millikin, J. S. Parkin,
R. K. Okazaki, E. F. Letterman, and R. k’. Risebrough (1978b). Hycirocar-
bons in the Water Column. Southern California Bas~line Study, Vol. 111,
Report 3.2.3., p. 1-207. Final Report, submitted to the Bureau of Land
Management, Washington, D.C. by the University of California Bodega Nla-
rine Laboratory, Bodega Bay, California, and Science Applications, Inc.,
La Jolla, California.

Payne, J. R., P. J. Mankiewicz,  J. E. Nemmers, R. E. Jordan, S. Brenner, M. 1.
Venkatesan, B. W. de La~pe, R. W. Risebrough, G. F. Gould, and M. L.
Moberg (1979a). Southern California Outer Continental Shelf Baseline
Studies: Intercalibration  of participa~ing hydrocarbon laboratories.
M a n u s c r i p t  s u b m i t t e d  i n  O c e a n s ’79 conference proceedings for Oceans
Conference, San Diego, Cal-a, 16-19 September, 1979.

Payne, J. R., J. E. Nemmers, R. E. Jordan, P. J. Mankiewicz, A. D. Oesterle,
S. Laughon, and G. Smith (1979b). Measurement of petroleum hydrocarbon
burdens in marine sediments by three commonly accepted procedures: re-
sults of a NOAA inter-laboratory calibration exercise, Fall, 1978. Sub-
mitted to Dr. John A. Calder, Staff Chemist, OCSEAP, U.S. Department of
Commerce, National Oceanic and Atmospheric Administration, Environmental
Research Laboratory, Boulder, CO, January 1979. pp. 1-34, plus appendix.

Payne, J. R., G. S. Smith, P. J.. J4ankiewicz, R. F. Shokes, N. W. Flynn, V.
Moreno, and J. Altami rano (1980a). Horizontal and Vertical Transport of
Dissolved and Particulate-Bound Higher-Molecular-Weight Hydrocarbons from
the IXTOC-I Blowout, P. 119-167. In: Proceedings of a Symposium, Pre-
liminary Results from the Sept. ~79 Researcher/Pierce IXTOC-I Cruise
(June 9-10, Key Biscayne, Fla. ) NOAA, Off. Mar. Poll. Assess.

Payne, J. R., N. W. Flynn, P. J. Mankiewicz,  and G. S. Smith (1980 b). Surface
Evaporation/Dissolution Partitioning of Lower-Molecul ar.-Weight Aromatic
Hydrocarbons in a t)own-Plume  Transect from the I’XTOC=-I Wellhead,  p. 239-
265. In: Proceedings of a Symposium, Preliminary Results from the Sept.
1979 ~searcher/Pierce IXTOC-I Cruise (June 9-10, Key Biscayne, Fla.)
NOAA , Off. Mar. Poll. Assess.

payne, J. R. (1981). A Review of the Formation and Behavior of Water-in-Oil
Emulsions (Mousse) from Spilled Petroleum and Tar Ball Distributions,
Chemistries and Fates in the World’s Oceans. Background Information for
Ocean Sciences Board on “Inputs, Fates and Effect; of
Marine Environment,” National Academy of Sciences.

Reid, R. C., J. M. Prausnitz, and T. K. Sherwood (1977).
Gases and Liquids, McGraw-Hill Book Company, “New York.

Rohsenow, W. M., and J. P. Hartnett (1973). Handbook

Petroleum in the

The Properties of

of Heat Transfer,
McGraw-Hill ~ook Company, New York. ‘ ‘

381



Smith, C. L., and W. G. MacIntyre (1971). Initial Aging of Fuel Oil Films of
Seawater. In: Proceedings of the 1971 Joint Conference on Prevention
and Control—of Oil Spills, p. 457-461. American Petroleum Institute,
Washington, D.C.

suess,  E. (1968). Calcium Carbonate Interactions with Organic Compounds.
Ph.D. Thesis, Lehigh University, Bethlehem, PA.

Sutton, C. and
n-paraffins
Technology,

Sutton, W. G. L
Proceedings

Treybal, R. E.
New York.

J. A. Calder (1974). Solubilit.y of Higher-Molecular-Weight
in Distilled Water and Seawater. Environmental Science and
8:654-657.

(1943). On the Equation of Diffusion in a Turbulent Medium,
of the Royal Society (London), A182, p. 48.

(1955). Mass-Transfer Operations, McGraw-Hill Book Company,

Twardus, E. M. (1980). A Study to Evaluate the Combustibility and Other Physi-
cal and Chemical Properties of
Environmental Emergency Branch,
Ontario, Canada.

Vo-Dinh, T., R. B. Gammaqe, A. R;

Aged oils and Emulsions. R and D D~Y.,
Environmental Protection Service, Ottawa,

Hawthorne, and J. H. Thornqate (1978).
Synchronous Spectroscopy for Analysis of Polynuclear Compound;. Environ-
mental Science and Technology, 12(12):1297-1302.

%lakeham,  S. G. (1977). Synchronous Fluorescence Spectroscopy and Its Applica-
tion to Indigenous and Petroleum-Derived Hydrocarbons in Lacustrine Sedi-
ments. Environmental Science and Technology, 11(3):272-276.

Walker, J. D., and R. R. Colwell (1976). Measuring the Potential Activity of
Hydrocarbon-Degradinq Bacteria. Applied and Environmental Microbiology.
31(2):189-197.

W a t s o n ,  K- M-, E. F. Nelson, and G. ~. Murphy (1935). Characterization of
Petroleum Fractions. Industrial and Engineering Chemistry, Vol. 27, No.
12, p. 1460.

Watson, s. W., ~OvftSky,  T. Jo, Qujnby, Ii. 1-., and F. W. Valois (1977). Deter-
mination of Bacterial Number and Biomass in the Marine Environment.
Applied and Environmental Microbiology. 33(4):940-946.

Weast, R. C., (cd. ) (1972). Handbook of Chemistry and Physics, 53rd edition,
Chemical Rubber Companye

Wheeler, R. B. (1978). The Fate of Petroleum
Exxon Production Research Co. Special Report.

in the Marine Environment.

382



Winters, J. K. (lq78). Fate of Petroleum Derived Aromatic Compounds in Sea-
waier Held ‘in Outdoor Tanks, Ch. 12, South Texas Outer-Continental Shelf
BLM Study.

Yang, M. C., and H. Yang. (1977). Modeling of Oil Evaporation in Aqueous En-
vironment. Water Research, Vol. 11, p. 879.

Zurcher, F. and M. Thuer (1978). Rapid Weathering Processes of Fuel Oil in
Natural Waters. Analysis and Interpretations. Environmental Science and
Technology, 12(7):838-843.

383



APPENDIX A

COMPUTER PREDICTED WEATHERING RESULTS, COMPUTER CODE LISTINGS

AND COMPUTER CODE FLOW CHART

The results presented in this appendix are examples of calculated
results (Daqes A-2 through A-3(I), the current code listing (pages A-31 through

A-43), and code flow chart (pages A-44 through A-74). The code presented here
is still in a state of d e v e l o p m e n t  w i t h  w o r k  r e m a i n i n g  t o  be completed on the

mass-transfer coefficient sectione

The example calculation is for Prudhoe Bay crude oil, item 9, sample

71011 (COLEMAN, 1978) with temperatures of 32 and 42°F at wind speeds of 10

and 40 knots. The mass-transfer coefficient used is that due to Mackay

(MACKAY, 1973). The output from the calculation is self explanatory and de-

tails the weathering of 15 cuts of this particular crude through 500 hours.

These results are summarized in Table A-1 and show the effects of wind and

t e m p e r a t u r e s  over 500 hours.
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Table A-1

SUMMARY OF OIL-WEATHERING CALCULATIONS FOR PRUDHOE BAY

CRUDE OIL AFTER 5(IO HOURS

Temperature, “F 32 42 32

Wind, Knots 10 10 40

Mass Fraction

Remaining for

cut #

1

2

3

4

5

6
7

8

9

lrl

12

13

14

0

0

0

0

0

0.14
0 . 7 3
0.95
0.99
1
1
1
1

0

0

0

0

0

0.03

0.55

0.91

0.98

1

1

1

1

0

0

0

0

0

0

0.36

0.86

0.98

1

1

1

1

42

40

0

0

0

0

0

0

0.16

0.75

0.95

0.99

1

1

1
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STEP S17,11 O F  X .ONiE-O  I IS  llASr.~ M C O T  9

‘rl PIE = I . 611+@ 1 nolrns , M A SS  Iml’,ml  on W F.ACO  CUT  nlv’rA  I nl NC 1
O.  Olt+O(l  2.1 E-LKI  2,411-01 7. :lE-(i  1 9.’tlt-ol 9.9X-01 I .Ov+oo l.@lI+o@  I. f)ll+oo
I .01:+00
l,”NAcTION  (RASItn  ON MASS)  IIF2AININC IN “lllil  SLICK  = 9.:)):  -0!  , AnFA = 1 .611+06  H*22

Tlrll:  = 1  .71t+Oi  ROl~9,  M A S S  I’TIA(XI(IN  OIJ KACII CI1’r RF. NAIN IN{::
0. 01:+00 I . lE-n:I 2.01,:-0 I 7.1101 9. :IF-01 9. 9F.  -O I I .OE+OO
I .01?.  +00

1 .OE+OO I .OE+OO

O’NA(Yrl ON (!)ASFTI  ON MflSS)  llEMtl  NINC IN TIIK SI. ICK  = 9.:11:-01 ,  All  FA = 1 .7E+06  PI**2

‘rim: = I .oK+I)I  0 0 1 1 0 S ,  MAsFl  F R A C T I O N  OF FhCll  (WT IWMAINI  NC:
0. 0[;+00 !5.6F.-O4 I .7K-(31 6. nl~,-n  I
I .0K400

9. :\F.-oi 9. 91C-O 1 I .OE+OO 1 .C3E+O0 1. OE+oo

FR/\(:rloN  (RASFX)  O N  NAM)  ilENAINIIiC  I N  ‘110; SLICK  = 9.:\E-ol,  AnEA  = !.7E+06 M**2

‘1’INK  = 2.oE+OI  ROURS,  M A S S  F R A C T I O N  OF EACN C U T  RF.MAININC:
O.OK+O()  2.UE-04 ! . DE-O  I 6.61!-el 9. ~~-o  j 9. 9K-O  I
I .Ol!+oo

1 .Orl+eo fl.OE+OO  1.OE+W

FIIA(71’ION  (BASER  ON M A S S )  HENAININC  IN ‘IIIE  SLICK = 9.2 L-01,  AllFLi  = i.flE+@6  PI**2

TIME  =  2.! E+OI ROUIIS,  M A S S  FllAUrl  ON OF FJWI  COT lll?PiAININC:
O.ol’woo 1.9E-04 1.2E-01 6.4 F.-O I 9. II?-L31 9.oE-01
1 .OKIO()

I .Oll+oo I . OE+OO 1. Ol%+m

FRAC’I’!ON  (llASltI)  O N  M A S S )  nF$lAININ()  IN lliI?  SLICK  = 9.2K-oi,  AREA  = ! .41E+l16  M**2

TIMlt = 2.21?+OI  llO~ll~;  -fl~SS6Ffi!~:  ON90:F~~~l  CUT  R E M A I N I N G :
O,olt+oo  6.41t-tm , : . : . . 9. m-o  I I .Or++oo
I .Olt+oo

t . OE+W 1. @E+o@

FWi(7rloN  (OASEl)  ON M A S S )  llEHAININC  IN TNF, SLICK”  ❑ 9.’2W.-O1  , ANFA  = I .9E+06  W*2

‘rim = 2.31t+Ol  ROI.NW,  MASS FIIALTION  Oi’  KACll  CIIT RKMAININC:
O.  OK+OO n.ol!-oll  0.6E-02  R.l)lt-ol 9. oil-o  I
1 .OK+OO

9. OE-O  I I .Ort+oo !.OE+OO  l.011+00

l,’llAl:rl  ON (RASEO  (Ml M A R S )  RltNAININC  I N  IWE SLICK  = 9.2K-01,  AIIEA = 1.91!+06 M**2

‘rlrm  ❑ 2.41?+OI  NOUNS,  NASS  I I ’RAC71ON OF FACR CUT NEMAININCI
O.OI!+O() 1  .41!-1$3 7.21t-Fu G.71t-ol tl.91?-ol
I .OK+OO

9 .W.-ol t .oF.+@o 1.OE+OO  l.@E+OO

FIIAIXION  (lIASKI)  ON IVASS)  Ill?!l,ll  NINC I N  TIIE  SLICK = o,~F,-01 ,  MF~  ❑ 1.911+06 M**2

‘1’  INK =  2. Cll+Ol NfNJRS,  MASS F R A C T I O N  OW  F,A(21 C U T  RF.  NAININc!  .
0.411+00 t,, II!-(I6 ( i . i J K - ( i i !  5.41J--OI
I .Oltlof)

n.91?-ol 9.01:.01” I .tilt+No 1. Oc+oo i .Oll+otl

FIIAI’TION  (NASF1)  O N  MASS)  OltN,  \lNIPM; I N  ‘IIIK  SL1(:K  = ‘), :! K-01 ,  ,j[\~A  = 2.0E+06  N**2

Tltn:  = 2.ftr7+OI nouns, MAsS FRACTION OF F.ACll  C1l’r II I?  MA  IN INC,
O.ol!+lwl  2.”i’lt-(~6  4.9F.-O*  G.21:-01
I .01:+00

n Ill?-o  I 9. II F,-01 I .01:+00 I . OI?+!-m 1 .(3E+O0

FIIA(:I’I(NI  (RASF.1)  O N  MASS)  RKY4A IN  IN{;  I N  TIIK S1.1(:1( = 9. lF.-OI  ,  AllFA ❑ ?.OF.+W]  W*2

Tliw = 2.111,:+01  N O U N S ,  Pl,i!W  FRA(XION  01 F..!(XI Clrr  IllNAINliW:
0.4)1  <+(111 # lK-(f6 4. 01:-t)u 3. OE-(11 R.711-01 9.l!E-01 I .O1’:+flo I .Onoo 1 .ol?+m

1. Ol?+oo 1 .(3R+O0 1. Ol?+oo l.olt+oe  I.orl+oo

1.t3F.+oo l,or?+oo

i . Ort+oo I , (41?+oo

,oF.+oo I  ,m+oo  I  .OF.+(40

. OK+oo 1 .OI?+OO 1 .OII+OO

1 .Ort+oo t . OF.+00 1 .OE+OO 1 ,OF.+00  1 .  OE+OO

I . Orl+oo 1. @E+@O I .OK+OO 1, Orl+oo t .Or?+oo

1. el?+eo 1 ,OE+O@ 1 .Or!+oo I  .Ol?+oo  I. OF.+00

. Orl+oo 1. orl+oo I .OE+OO 1. Ol%+oe 1. @E+o@

. OF.+0$3 1. OIHOO I.oF.+00  i ,OE+OO I .m?+oi)

. 01?+00 I . Or?.+oo I .01:+00 I .Ort+oo . OF.+00
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TI ?W  =  i . OE+fX? IIOUIW  , MASS IWWTl  O N  OF FACU CUT  IIIINA  I N 1 Nf; ,
0 f)lt+t)o  0. OKJ.00  9. 4E- I I 6.01:-00 0 .7 E..OI Il.  lIt-01 ,) . 7F.-OI
I Oti+flo

i . f)r?+f)o I . OE+OO

Fll,l(:rl  {IN  ( UASFTI  ON MASS)  llEMA  I N I Nf: I N ‘IIIE  SI. ICK = 11. ?l;-f)l  , ARFJ\ = 3.nITr@6  H**2

SI’F.I’  s 1 7.K  (w n. 222F400  Is  nrmn  ON twr i i

‘II  NE ❑ I .5 F.+02  UOUnS,  M A S S  HlA(X10N14!fF~&/11  clIT  IIEMAININC,
o.or.+f)o  0.01? +00 o. f)E+Mf  9.41. -orl  ~ # 7. :ir?-o  I 9. 51:-01 9.9 F,-01 6. eE+i4f3
I .f)lt+of)
l’l{Af:rl{l  N (nASEX)  ON Ff.4SS)  NFTIAININC I N  IIll!  SI. I!:K = tl.61i-01,  ANFA  = 4.6E+06  M**2

‘rim  ❑ 2. IE+w2  INNJNS,  M A S S  FNACTIOW  OF F.ACII  C U T  IlbX4AlNl  NC,
o ,Oft+t-f(! 0.0 U+(X4 4). f)E+oO 5.6K-07
I .(!1:1041

5, 4,E_o~ 6,i E-01 9 .2 V.-OI 9.9 E-f)! t .@rl+ao

I: II ICTION  (l) ASltN  O N  MASS)  NEtlAltfl  NC IN Tllli  SLICK  = #1. OK-Cfl  . ARFA  = 3.: IE+86  PI**2

TIMK  ❑  2.6it+02  NfWIIS.  MASS IWALTION  Or FACN  WIT  ilEMAi  NIIW:!
N Oll+oo 0.011+Of3  O .  ffE+NO 1. 611-$)9 1 .9 E-IX? K, OE-Q1 9 .oIt-oi 9 .Ql?-o  I 1 .OE+O@
I .Olt+oo
FIIAI:I’I(JN  ( n A S E l )  O N  NAss) nEMAi  NINC iN TIIE SI, I(:I: = N.!lK-ol,  AnFA  = 5.9 E+06  PI**2

Tlm = ~.lit+02  WNJIIS,  PIASS  F R A C T I O N  OF F.ACII  CUT  nF.MAi  NINC:
O.  Olt+OO  O.  Ol,:tOO O.  OE+OO 0.01:+00 l’i.2E-On  4. OE-01 11.6  F,-(41 9. all-o  I
I .OK+OO

1. OE+OO

FNA(:I’ION (IIASEN  ON MASS)  IIEF!AININC  I N  IIIK SLICK  ❑ N.’$E--OI,  ARFA  = fl.41?+06 M*:!2

srr:r  S I Z E  OF 1.0713t?+Ol IS  IIASIX)  OR c U T  6

TIrm  ❑  :1.6K+02  nouns,  M A S S  mt(mron  OF FACN  Clrr RCMAINi NC I
0.01:+00  o.ol,:Hfo O.  OE+OO O.oil+oo 1.2%0:1  n.l  E-o# U.:IE-(+1  9.7’E-oi
1 .011+00

I .LIE+OO

FllACTlf)N  fnASFX)  ON M A S S )  tllIMAININC  I N  TNE SLICK  = N,4E-01  . AREA  =  6.9E+@6  M * * 2

‘rIME =  4,2S+W HOUIIS,  M A S S  FNACT!ON  OF EACII  CUT  RF, NAINI  NC:
O,  f) M+f)O O.  OII;  iOO O.  OF,+!)O fl. f)N}NO  2.41?-04  z.qI:-1)1
I .OL+OO

7. 9E-*1 9.7E-01 1. 0E+09

IIIAI)TIUN  (UASI!O  fNi  N/\SS)  IIENAININC  I N  ?IIE SL?CK  = O.:lli-ol,  AnI’A  = 7.4!?+06 M**2

TIME  =  4.713+OE!  NOIIW,  M A S S  FIIAf~lON  OF FACII  CIIT rIENAINIPfCI
o.olt+orl  O.oit+oo  O. f.l!+oo  O.ol!+ou  4.rm-Wl 1 .Ilit-ol 7.61?.-.(+I 9.6s-01 9. 9E-O  1
I .Ol!+ofl
lVIAtH’lt~N  fUASEO  O N  NAS!J) NIWhl  NINC  IN  TIllt  SI. ICK z 0.:11:-01, AhltA  = 7.9r?+06  M%*!2

I .Or,+oo 1 .OE+OO 1. Ol:+f)o I .OF+OO I .f)rl+oo

l.or?+oo 1 .oF.+wi i . OK+(N) 1. OE+OO I .fll?+oo,

! .Or.+oo 1 .Oll+oe i .OE+OO I . O!i+wl I Ol?+oo

i . OF.+00 1 .6)E+%0 I .Or?+(m 1 .eF,+o@ I , OE+OO

t , kilt+oo 1 ,OK+OO # .Oll+oo I .OE+OO 1 .Ol?+oo

1. f?r,+fm I .Or?+oo I .Or?+ffo i. ffE+otl !.0R+041

1.VF.+$30 1, 4BE+O(J 1. Or!+oo I .OF.+00 1 .Oil+fwl

! . Orl+o@ i . Ol?+wl 1 .Ol?+wr i .OI?+(M 1 .Oll+oo

Tll It FINAL  MISS  OmACTlf)NS  FfNl  TIII’.  S1.1{:1: A T  17. OII:+W  lif)UNS  Anltt
fl . f)(lol: I 00 O.oflolt+fw 0. 00 I)F.+  4)0 0. (Iocw+oo ! .07111-4!s
I .f)ollltiotl I .O(toil+on I . Oof)ti}  00

1 .: NNIE-01 7. U74K-O 1 9.549E--O1 9.9a5rt-ol o.9951i-@l
i .0410K+O0

I . 06)OE+(M)

l’NA(:l’lf)N  (ll\S1.11  ON IIJSS)  NI:MA!NIH(;  I N  “I”lllt  SLICK  - N.:11:-ol  , AnljA  =  1).21;+06 Mxx:!



CJllJl)J?  OIL CllANAiTTEn17AT10N ANI)  l’f?JMJOO~OPIJWf  iWT  l?VA1’011ATli3N  JIOnEL
lllKN’l”i  FICATIO!lt  I’IIUI)IIOK  NAY,  I T E M  9, S.INI>I,E  71011

v,) I’(NI  I’IIF.SSIIIII,:  I N  ATflOrM1lllYIJ’S  AT 4.20n  K+o  I nix; F

VI,

I 5 . 192 Jt-02
,: I .ti!ifil:-02
:1 0. 961)1:-0:1
4 9 .0 ’ ’91:  04
rJ 1, 07111?-t14

:) . 4:151-on
; t . I1611F’-06
n 9. 0:14E-07
9 I .:1561,; -07

10 I .161 JK-01)
II 3.065K-10
la 9.6[)11{-1  1
In 1 .297K-12
14 4. 3401,:- I 4

MEAN  MOLJMXI1,AII  WEIGHT  OF T J J E  CIIUJ)R  =  2.7aOE+02
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w-w srm, OF 1. 4 4 7  E - O  1 I S IIA!WII  O N  CUT  2

‘1’IME = C . 2rr+oo  1101111s , rrAss9Flg:~[nrf  or F&Xl  cm mm I N I N{;:
4. 1)1,:-o:t 2. 6W0  I 7. 4E-01 9. m-o  I 1 .OETOO
lll,il!Tlo  N (IIAS!XI  O N  NASS)  Rl;NIil  NINC I N  ‘1’lllt  S1.1(:}:  =

I .01,: +00 I .Ol?+(  )(-r 1. Or?+oo
o. :11:-01  ,  ,\nr~  , ~).71?+0fi  M* X:2

“1- INF, = 6.2 F.+00 lIOURS, MASS  FMml ON OF IOICII  CIIT RENAININ(:l
I  11,:-0:1 I . nl,:-ol 6, OI?-O  I 9.2 H-f)l 9.911-0 I I .ort+oo I .OE+OO 1. OE+OO 1. Orl+oo
Fllt\i:l’ll)N  (lJA.iEl)  ON NASS)  RltNAININC I N  Till!  Sl,l Ck = 9.2 K-01 , AnFA  = 1.0E+06  NY:*2

Tlm = 7. W+OO Ilouns, MASS FNAmlON  OF FACR  CUT  Rl?NAININ(;  J
2. I 1:-04 1 .2E-01 6.2E-01 9.llt-ol 9. OE-O  I I  .OEtOO I .01!+ (10 1 .f3E+O0 f .OE+OO
kJI/\(H”loN (RASED ON MASS)  IIIH4AIN1NC I N  “IIIE  SLICK  = 9.2 K-01.  ArlFA  = l.l  F.+@6 M * * 2

TINE  ❑ ~.~~+oo  ]Jf)~s,  rlhss  17nAc’rloN  OF F~clI (j~ R~~AININC:

0.7S-00  7.6E-02 G.61t-Ql  0.91:-01 9.nE-ol I .OE+OO I .oF.+@o 1. OE+OO 1 .  OE+OO
F’lIi(7rioN  (nASEl)  O N  MASS)  RIN4AININC  I N  TIIE  SLICE  = 9,2 E:-01  ,  .~nF~  , 1.21t+06  U**2

‘TINE  ❑  9.2F.+00 llO~n~b_$SSnF::~;ON,)O~F~$~ll  ~~E~~AININC:
IT.  Ort-ocl 4.UI,:-02  .
FILl~:rl  ON (RANEN  ON MASS)  NE1l/il  NINC IN”I’I;E  SLI(;~ =

I .OE+OO 1 .OE+OO 1. OE+OO
9.lE-ol,  AnEA ❑ 1.2E+06  II**2

T I N E  = i.oE+oI  n o u n s ,  mAss  FOfimION  or mmn  clrr R E M A I N I N G:
n . :Irt-oi 2.9 F,-02 q.~~-o~ n.w-ot 9.7E-01 9. 9E-o I 1 .Or?+(+o 1 .  OF.+00  i. OE+OO
k’llA(H’lfIN (nASKD ON tlASS)  OliMAININC  I N  T O E  SLICK = 9.11:-01, AnEA = 1.3E+06  M * * 2

Tlrnrt = I .IE+OI  N O U N S ,  flAfW  F R A C T I O N  O F  FACII  CUT REMAIF.INC:
t I  E - 0 7 1 . 7 1 1 - 0 2  4. OE-01 O.  NE-01 9.7E-ot 9. 9E-o I I .Orl+oo 1. OE+OD i . OE+OO
FIIA(:V1ON  (BASE])  ON MASS)  IIFMAININC  IN TOE SLICK  = 9. IE-01 , AnEA = 1.3E+06  M* X:2

TINK  ❑ f .2E+OI  llOUnS,  M A S S  FnAC710N  OF FACN  C U T  IIEMAININCt
. ::E-on 1. Oit-02  2.6 K-01 n.l  E-til 9.6n-ol 9. 9E-ot

hlACTION  (IIA:JLO  O N  NASS) nlWIAININC  I N  TNE  SLICK =
I .Ort+oo I .OE+OO I .OE+OO

9 .  IF.-OI  , ARFA  = 1.4E+06  Pi**2

TINE = 1 .fiF.+01 NOUNS,  MASS FnACTION OF SACR CUT  IIEMAININC!
I .:lk:-09 11.urt-on  :). IE-01 7, ()~-.ol 9. 6E-O I 9. 9E-O I I . OK+(IO I .  OE+OO 1 .  OE+OO
!’lIA!7r10N  (RASEO  O N  MASS)  IIKMAININC  I N  Till!  SLICK = O.or!-ol  , AilEA  = 1.5E+06  M**2

Tlmv = 1.41?+OI NOONS,  MASS FRAC710N OF FACN  CUT  lll?t4AININ(::
0.01:+00 n . 2E-03 2.7iI-ol 7.7rt-ot 9.5E-01 9.91? -01 1 .Olc+oo I . Ol?+oo
k’l(A(:r I(lN (IIASF.11  O N  NA!:S) IIF.NAININc  I N  II)F,  SI,ICK  =

t .OE+OO
9. OF.-O1  , Anr..  = I  .0E+06  N**2

STF.I’  S17.11 O F  3.759E-01 I S  IWSAU)  O N  CUT :1

T[rnrt  = 1.6E+OI lffNJnS,  PI.4SS  FflAC710N  01: FLWI  C U T  nF.MAININCt
O.ol+{m 1.51,:-63  2.:\rt-t)f 7.4K-01 9.5 F,-01 9. 9E-O I I .Ort+(lo I . OE+OO t .OE+OO
FRAl:rloN  [MSI:R  O N  MISS)  IIKNAININC  I N  Tlllt  Si,l CK = 9.(lr.-Ol  , AnFA  = I  ,6E+06  r’t**2

‘rlrr~  = 1.7E+OI RnUllS,  NASS  F R A C T I O N  OF FJICN C U T  fll?NAININCz
O. OE+OO 7.41!  -04 2. OE-01 7, ~~-()  I 9.4E-O! 9. (,~-(,  , I .OK+OO I.oll+f)o  I.OE+OO
1~11.!(H”iI)N (lIA!;El)  ON ?1,1SS)  NltNAININC  I N  TrlK  S1.iCK = 9.OK-01,  Anr?? = I  .61?+06 N*:k2

1. Ort+oo 1 .Or?+oo 1 .Or+no I .Or!+oo 1 .Oll+oo

I.or?+oo 1. Or?+o(l 1 .0K+O13 I . OE+OO 1. Or?+oo

1. Or?+oo I . OE+OO 1 .nr!+oo I .OE+OO 1. OE+OO

I .OF.+00 1. @E+OO 1. OF.+00 1. F?F.+00 1. Ol?+oe

I . OE+OO t . OF.+00

I .OF.+00 1. OE+043

. Or?+oo 1. 0s+00 I . OE+OO

.oE+oO i .OF,+OO 1. (4E+oo

~. OE+OO  1. OK+OO I . OF.+00 1 .OE+OO I .OE+OO

I .OE+OO 1. Or?+oo 1. OR+OO I . OE+oo I .OE+OO

l.(111+00 I.OE+OO i . Or?+i)o 1 .OF.+00 1. OF.+oo

I .OF.+00 1 .OE+OO f .Oll+oo I .OE+OO I . +3K+on
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t . OK+-(-)O 1. OR+oo 1.0E400  I.orl+oo ! . OF.+(?O



s
e

-.

a
s 10

-~=
=<=..+.. . . .---

2=s-.,

++. . . . . . .---==<.-:==

~=. . . . . . :.---==--
:=5

396



397



e

,,

398



FIIA{XI  M ( IIASl?l)  ON NA:W  ) IIFJI,I  I N 1 NC 1 N “WC  SI,ICV  = 11.OIC-01,  AIIFA = 7. 2K+06  FM*2

Tlriit  = 4 .  (11:*02 IN)IJW , NASS  FIIP.CTI  ON OF rACN CUT  nF.MA  I N 1 N(: :
4) .Olt+t)o  O.olti(lo  0.01;  +00 o  .01:{ (10 (1.tul-05 2.t)lt-ol 7 .111! :-01 0. 6rt-u I I  .OE+OO
l’ll,\IXION  lUflSKll  O N  NASS) II Ellhl  Nllfl;  IN  ‘ l< l I t :  sLII:K = 7.()! :-()1 ,  AnI?A $ 7.71t+06  P!*42

I .!7E+(M 1. Ol?+oo 1 .Or.+oo I .OF.+00 I .OF.+00

TIIE  FINAL rnAss  FnAHioNs  km mm sI.IW  A T  G.oic+w2 mm+ ANE!
0. (iOoli  +00 O.(ll!or.+ou  0.000E+OO  0.000  v.+oo ?,  .’2*)9F,  -oo
1 .04  N)I,:+O0

I . ():1011-0! 7.mlE-el 9. 595rl-ol
I .0001,: +00

9. 9651?-O! 9. 99m-ol I .000E+oo
I .000E+OO

l“llAl;rl  ON  (IR$EI)  (?N  MAS[+)  N}:M,IININC  Ill Tllli  SLICk.  = 7 . 9 1 , : - 0 1 ,  ANFA  = 7.911+06  tl**2

*#.:% %2..tz  t***% **a:k****:l: ?%*:&  $*?:* **:P,K%*x:*  %*%** ***$.*********:**********



.,.

cnum OIL  c11AnmmTi17AT1014  ANn rsmmcomomm  EVAPOJbiTi  OW mODEL
IIIFXTIFI(:ATIONI  PliUDllOF  N A Y , 11’HI 9 ,  s;\ Jwv.li  iiol  I

VAI>(NI l’llliSSIJll  E IN AT}N)S1}IIKUFS  A“J’ :1.200 P,+OI JNX;  F

VIB

I 3. 7n4k’,-m!
:? I .OI)OI:  -02
:1 2. UI14E-{):1
* n . 64:1 F.-O4
3 I . 12:)li-1)4
6 I .9i3GN-o  B
7 :1.17611-06
n 4. 63 fil,:-07

(t. 6(l:lK-fUB
(; n . 3{X{I.:-09
II 2.0921:-lti
12 3.n2.6E-l  I
1:1 4 . 5121,:-1:1
14 1.:1641,:-14

NUN  HOLF.(XJLAII  Wlll(XIT  OF T J J E  f31UJ)E = 2. 73@E+02
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TIME = 5. :IJ?+OO  llOUnS  ,  M A S S  FnACTIOJl  OF F,,CII  f:lrr NJ?MA i N I  NC I
2. I  K-02 4. ott-ol 0, UK-O I 9,61:-01 9. 9E-tJ I I .OE+OO I .01?+00 i , Ol?+oo 1, OE+l)o
I; ILICTI(JN (JJASF,JJ  O N  MiSS) IU?NAINIJN: IN ‘J’ilJi  SI,ICK  = 9.41!-01  , ARFA  = 9 .  9F,+otJ  M*x.2

STF,I’  SIZF,  OF I  .  974F.-O1  If?  nmwo ON  C U T  2

TINE = 6, 5E+O0 11OIJNS , PJASS  FOAKT  10F  OF F.ACO CUT  nJ?MA  1 N J NC I
r .91,: -03 s . On-ol ?.7E-$JI 9. UI.-OI 9.9 J?-o J I .OE+OU I .Orl+$to 1. oJt+nrJ
FIIAi:I’JON  (lJASJ!XJ  ON M A S S )  I{ KNAININc  I N  TIIE S!,;  (:K  ❑

1. OE+OO
9.:11;  -01 , ARFA  = I  .IE+06  U**2

TIMJt =  7.7E+oo  NOUNS,  FiASS  FIIACTION  O F  EACIJ (:OT  IIE!IAININC:
I.olt-on  2.2 J!-01 7.2 fi-tJl 9.4E-01 9.9~-(J, I .Olltoo I .0s+00 I . OE+CO 1. OE+OO
JNIA(:J’ION  (DASEN  O N  MASS)  nEf’JAINi  NC I N  INK S1.l{;t. = 9,: IJ!-UI , AnFA  = I .2 JC+06 H**2

‘rl  IIJE  =  0 . 9  Jl+o0  NOUnS,  H A S S  FnACTION  OF F.ACIJ  CUr JIF.J’JAININC!
:). 4L-04 1 .GF.-ot 6.7E-01  9.2F.-OI 9.9J?,_,,, 1 .Orl+oo I .Ort+o$) I.OJI+OO  I,OE+OO
JUIAl:rloN  ( n A S J i l l  O N  M A S S )  nENAINJN(;  IN TJIN  SLICK  = 9.2U-01  ,  AJIEA ❑ I .2 Jt+@6  PJ$*2

Ti!ut  = I. OE+OI  00~&JSS9F\lA~C1’;ON  OF FACII  CUT  nF,tlAININCt
7. J K-06 I .1 s-o I 9.lJE-tJl 1 .OIV*VLI I .oJt+oo
FJIACTION  (UA!;KO  OFI  iJA6S) hEHAINi  Nc I N  7JIE  SI.ICK  ❑

i .OE+OO 1 .OE+OO
9.21:-01  ,  AFIFA u 1.SE+06  !rk*2

‘r~rnt = 1 .lJt+o1 IIOUIIS,  M/\SS  FIIA(YJ’ION  OF FACO C U T  JJJ?MAJNINC,
J  .:lJt-05  7. JE-02 fi.7JZ-01 (J,t,~_o, 9. I\ E-o I I .Orl+oo I .oJl+oo I. OJ?+OO  l ,  OE+OO
FIIA(XION  (UASKO  O N  MARS)  nkXtAIIllNC  IN “rllh:  SLICK = 9 . 2 1 , : - 0 1 ,  AOIM  = 1 .4E+06  J4**2

TJflJt  ❑ 1.2ft+ol  JIOUnS,  N A S S  FnACTIONOO~r~;:JJ  COT  nEMAJNINC,
2.:1S-06  4.7E-02  5.2E-@l 0. IJE-(J  I I .OF,+OO
Fl\At7r10N (UASID  O N  M,\SS)  nEtl,\l  NINC lN” Tlil;  SLICK =

I .oJt+oO I.OK+OO  l.@E+OO
9 .  lJt-OJ , AllEA  = I .4E+06  M * * 2

Tlrrtt = 1 .4E+o  I N o u n s ,  M A S S  FII,I(x  JON OF JIACJI  (XJT Rl?MAJNi  NcI
n . 6Jt-07 0. IJ(-02  4 . 7  F . - O  I  0.6 F.-Ol 9.7Jl-ol 1 .Oll+oo I .Ol!l+oo I, OE+QO  I .  OF.+00
PIIAcTIo N (NAsI1) O N  PJASS) NEfJAININC  I N  ‘lllJt SI. ICK  ❑ 9.lt:-01,  AnEA = I .nF,+06  rl**2

TJMJt  =  1 .GJI+o1  N o u n s ,  ilASS  FNAOTION  or F,,cn CIJT  JIEMAININC,
(i. :Ilt-o(l 1 .9k’.-O2  4.:IE-01 II.  W’.-oi 9.7E--*I I .OF. FOO I .OF.+00 1 .OE+OO I . OE+O(J
FIIAIXION  (NASEI1  O N  HA:;S) OJ?MAINJNC  I N  ‘1’Nlt  SI,l{:K = IJ, IK-01,  AnEA  = I  .fiJt+06  FI**2

T I N E  = I. OE+OI  Nouns, tmsm FIIAC-J-i  ON 01: wcn  CUT  IIJ;NAININC1
7. I K-09 t .21t-02  3.9 F.-O  I n . :IIJ.-O  I 9.7E-.UI 9 .911-0 I I .OJt+oo l.oJt+oo I .OJI+OO
JUIA{;J’  JON (OASI.HI  O N  MASS)  JIFYl=llhlNl:  JN TNII: SI. ICK  = {J. Ilt-ol  , AnF.A = f.6E+06  M:ti*2

‘rlrllt  = 1 .7 Jt+01  N O U N S ,  M A S S  F RA C T IO N  Or ltACll  CUT lUMJAINIJN;  !
o.oJt+o(l  7.CiE-oiJ  0.5JI-01 JI.11-OJ 9.(,J!-01 9. 9F.-OI I .OJt+oo 1. $JJ?+oo 1 .OJ?+OO
FIII(:I’I(IN  (1).fSkl)  O N  M A S S )  NKMAII{l  NC IN ‘J’IIN  i? J.JCK = 9.01:-01  , AnFA  = I .6F.+06 M**2

TINV.  = i .OF,+OI  IJOUOS,  PIASS  F1\ACrl  ON OF F.ACII f:UT  llP.NAININct
11.Olt+(!O  4.VII:-(KJ  :i. lF.-(Jl 7.[JW-01 9.6E-{}1 O *J~,-()  I I .Oit+  (lo I.olt+oo I .OJ?+OO
FNA{YI(IN  (Jl,\slil)  ON MASS)  JIEII!ININC  IN ‘1’lJJt  SI. IIX: = 9 . 0 1 - 0 1  ,  ARF’A  = I  .7J?+06 PJ**2

I.er.+oo i . OJI+OO I .Or!+oo I . OE+OO 1. OF.+00

1 .0E++30 I . OJ?+(MI 1 .OJ?+OO 1. oE+oa I . OJC+OO

I . OF,+oo

i . OE+OO

. (m+m 1 .OJ!+OO I .oJl+oo 1. CPll+oo

, OE+(JO 1 .OF.+00 1. 0s.+00 1 .OJ?+OO

1.OJ?+OO l .  OE+OO  t .  OJl+OO I .  OE+OO 1. OE+OO

l.@~+oo  1.OE+OO  1.OF,+(JO 1. OE+OO i . Ort+oo

I.OF.+00  9.OF.+00 I . 01:.+00 t .oF.+o@ 1. OF.+oo

I .QFJ+OO 1 .OE+OO I .OR+OO 1 .OE+OO 1 .Ot?+oo

1, OE+OO I .OIC’HNJ 1 .OJ?+OO I . (JE+oo i .OE+OO

1 .OE+OO 1 .Olt+oo 1 .OF.+00 1 .01;+00 1. OE+OO

I .!7F,+O0  1.oF,+m3 I .OJ:+(MJ 1 .oF.+04i I .OJ!+OO

l.or.+rm 9. OK+O$J i .OE*OO I .OK+OO 1 .Or+oo



-.



.
TIME = 0. :lC+O  I ilOUJ’,S  , MASS Fllf,C’J’l  ON O F  F.A(XJ  C U T  RFtiA  I N 1 NC I
0. 01!:+00 2. IK-06  6 .0s-02  5 . 7 1 : - 0 1 O.111-(li 9.1 N?-ul I . 01:+00 1, Ort+(lo I . OE+OO
I’YIAITI  (IN  ( I) ASI:O O N  NASS  ) llltMA  1 N I NC I N TIIE S1.1 (:h = 0.91,:-0 I , J\RFA = 2 .2JL+06  M.K*2

TINK  = :). 4E+0 I NOUnS  , MASS FnACrl  ON (IF EAI;II  CIrl’ NIV’JA  ! N 1 NC  :
0. OK+(W) 1. Ill-w  G.2F,-O:!  1 7 . 6 1 - 0 1 ‘) .OII  ..01 ,) 01; -0 I I . OF.+(I(J I . OJI+OO I .Ort+oo
Fll  A(:rl{)N (llASltJJ  (IN  MASS)  JJF.IIAININC  lN ‘rliw  NLIcF  = 0.[)1,:-01 , ?,nliA = 2,3 E+orI  N:I*2

T I N E  = 9. KE+O1 IIOUIW,  PJASS FllA(XION  OF KACll  (Xrr JJENAININC1
0.01:+00” 6. IK-07  4.51c-02  IJ.4Jl-01 9.011-0 I 9 .nr.-o  I 1 .Oll+oo i .Olt+oo I .0JI+08
FIIA(:I’I(!N  (IJASEU  O N  NASS)  nJtNAININC  I N  Il!lt  SI, ICK  = lJ. !IE-.OI  , AJJFA = 2.:lJl+tJ6  W**2

TINI!  =  0.61t+Ol  NOUNS,  FJASS F I I A C T I O N  OF LIACII CUT  IIEMAININC!
J). OF.+01) fi.2Jt-07 4. OV,-02  S.:11:-OJ 9. O E -O I 9. III?.  -() I I .0s+00 i . Or?+rlo I . OE+OO
J: IIAI.  I’I(IN (IIA!:F,J)  O N  NAkJS) NSNAININC  I N  Tllli  SI. ICK = n.ni,..  ol , AIIFA  = 2. flE+Ci6  i+J**2

‘I’l  Nl? = S.7E+OJ  NOUIJS,  MASS FNAOTION  OF IMCII  CUT  llkYU,ll{l  NC!
(J.OI!+OO I  .71,: -07 :i.4E-02 Li.  lr-ol (] Ol)E-a  J 9.IJE-01
FNA(rrl  ON (nASKl) (IN MASS)  NEPJhl NiNC iN ‘rlJJ1  sLICN  ,

I .Oll+oo 1. OE+OO 1 .OE+OO
0. Nit-o I , AI-JIM =  2.:IE+06  P I * * 2

1. (JJt+otl I . Olt+ao J . OF.+(JO

I .Oll+oil I.OE+O(I 1 .01:+00

.OJI+OO t .OF.+O(J

. 0E+JJ9 1. OF.+(-lil

I .011+4M) t . W+m I .01;+00 1 .OJ?.+00 J .OE+OO

1.$IE+OO I . OI?+oo l,OK+O(J  I.orl+ml I . JJJ?+OO

1. 0!:+00 I .OE+OO 1 .Oic+oo I .OJ?+OO I .JIL+JJC?

I’INF.  = O. OK+Oi  I 1 O U J W J ,  IIASS  FilALTION  OF  FACN  C U T  nITIAINI  NC!
(~. ol,:+oo  0.71,:-On  ~.0E-02  il. OE-01  n.9E-o  J 9.UE-01 1 .OE+OO
FIIA(:I’IUN  (IIANEO  ON NASS)  JJEMAININt;  IN TIIK  SLICK  =

I .IJE+oo 1.0E+06J  l.@Jl+OO 1. OE+OO i . Ol?+oo I .OE+OO I .oE+(J@
n.llft-131,  AJJFA = 2.4E+06 Pl:k*2

TIMI,: = :J.9E+OI  INUJNS,  MASS F O A C T I O N  OF JMCJJ CU T  Jll?NAJNINc:
o. Olt+OO 4.51t-00 2.6E-02  4.91?-(11 0. NE-O  J 9. (JE-o  I 1 .ON+OO
1,’llA\:l’liN(  (JJASILN  O N  M A S S )  JJJWIAINJIIC  IN TNS S1. iCK  ❑

I. OE+OO  l. Oi?+Q@  l. OJt+OO I . i-lir+oo 1  .OE+OO  I  .OJ?+(JO 1 .OE+OO
O.til;-oi  , ARFA  =  2.4 E+(J6  N**2

“rl NE ❑  4. IK+o  I N O U N S ,  NASS  FIIACTION  OF FACN  C U T  NIINAi NINC!
O.  OK+NO 2.:Jit-ofJ  2.wE{v~ 4.71!-o! n.im-of {J, IIE-01 I .Oll+oo
llJI\17rloN  (IJASEU  O N  NASS)  NEMAININC  IN TIIN SLICK  =

I .Oll+oo I. OE+OO I. OF.+00  1 .  OE+OO  1 ,OK+(JO J .OJl+OO 1 .(JE+OO
u.n~-ot,  Anr~ . 2.4E+06 H**2

TINI:  ❑  4,211+01  NOUNS,  FJASS  FnACTION  O F  EA(XI  CIIT  JJKNAININC]
O. OH+OO i.i~-on  1.9E-02  4.6K.01 n.7J?-OJ 9.,N?-01 I  .OK+OO  I. OE+OO  J. OE+OO
10 JfilH’10N  (nA:l$Xl  O N  N/\SS)  NKMAJNINC  I N  1“111?  t?LICK  = N.nE-OJ  , AnFA  = 2.nF,+06H:k*2’.0r+on  ‘. OR+”O  “oE+oo  ‘oR+oo  ‘ou+oo

r[!i~ =  4.nE+o  I N o u n s ,  MASS FNACTION oF FACJI CIJT  nENAININc:
O.  OK+OO 6.7K-09 1.7E-02  4.61t-01 n.7E-f+l 9.[JE-01 I .Olt+oo t .OE+OO  1 OE+OO
k’IJAl:rl  ON (IJASEU  O N  MASS)  II!YJAININC  lN ‘ l ’ l I F .  EN-  I(:K =

~.nF+e6  M**2 1. OE+OO  I.$$ll+oo 1 .Ol?+oo t.ort+oo I . OE+OO
11.{&Oi.  AJIF.A  = ,

TINE =  4.41?+OI  liOUnS,  M A S S  FnAJTrl  ON OF FACII  C!JT nJ??JAINING:
O . oJ.+00 0.01,:+0(4 1  .4 E-IJ2  4.:llt-ol O.i’11-ol 9 .[IE-’O  I I .Oll+oo I .@ E+iio J.OF,+OO  1.OF.+00
Fll  AITrlt)N (UASKI)  O N  MASS)  IIJ.TIAININO I N  I’IJJZ  S[. ICK =

I . Olt+oo t .OF.+00 1.01:.+00 1 .Ov.+oo
[J,III-01  ,  .AnJ?A  = 2.5E+06 M*K2

.I,lpll;  r 4.nF,+ol  1 1 0 0 1 1 s ,  f’mss  F0Ac710N OF FACII  c(rr II F.  IIIAININ(:$
O.01+00  0,01,:+00 t .X-o!!  4.21,:-01 n. m- o I 4) .liF.-OI I .Ov.+oo
I’IIA(H”  ION (IJASKI)  ON NAS!; ) RKNAININC  IN ‘III*:  S1. J(:i’  =

i.oE+OO  J. OF.+00  I ,olt+oo 1 .OE+OF? J .OK+OO I . OF.+00 I .OJ?+OO
U.111-ol  ,  ANEA  ❑ 2.GIt+06  M.k*2

TIN!,:  = 4.6E+OI  NOUNS,  M A S S  FIIACTION  or FACII  (:IW JJJIMAININ(::
n.olt+ol)  O,OK+OO 1.OE-02  4.11-01 11. OE-01 9 . i l l ? - o l I .Or.+oo I.OE+OO  J.(9E+O0 ? . OF.+()(? I .4JK+O0
I’JI,I(:J’II)N  (I)ASI;I)  O N  Ml,.S!:)  IJJLNAIN!NC  I N  T i l l !  SI, ICK =

I ,Or.+oo i .0[+00 I . OF.+oo
JI. III;-01  , AIIFA  = 2..6K+LI6  M**2



T I M E  = 4.7 Pl+Ol  N(NJRS,  IILSS FllhCTi  ON OF IW31 CUT  nl%PIAINlrN:I
0.01:+00  o.tl~+oo 9. HE-0:1  4.01’: -01 n . (iE-o  I 9. 7F, -O I I .OE+OO I . oE+on I . Ol?+rm
FN’icTi(IN  (M::WU  O N  N\ss) UtiHAl NlNt2  I N  Will  SI.IC1  ❑ 11. OK-01  ,  ,AnFJ\  = 3,61?+06  N*Y2

rl~lti  ❑ 4. OK+OI  nouns. PiIWS  I“M(;IION  017 IMtll  IXJT  lli?PIAININC:
{) 41K+O0 0.0,;+00 7.61;-0:1 O.UK-01 U,5E-01 9. 7F.-I)I I .01,:+00 I .OF,+O() 1 .Oll+oo
III II H”I{)N (UASF.LI  O N  NASS)  UllMAININl;  I N  ‘1”111: SI. I(:K  = 1 1 . i l l ; - o l ,  ANFA  ❑ 2.(,I?+06 M*X2

“rlrw = 4.9E+01 n o o n s ,  nAss FnA(Tlnn  olr  FAcll cnT iIkrIAINi  Nc:
O.{IK+O(I O.oii+oo  6.5 E-(Ni :1.7F-01 0.4E-01 9.7F.-OI I .oF.+f)o 1. @l?+o@ 1. OE+OO
FllA(:rl  ON (RASF,U  O N  PIASS)  lIEPIAININC  I N  ‘INK  S L I C K  =  0.7 F-01,  AnFA  = 2.7rI+06  M**2

Tlru?  = O.  OIZ+O[  NOUNS,  M A S S  FnA{7F10N  O F  EACII  CUT  I’IENAININC:
O.ol+oo  0.0s+00 5. GE-(XI  3.61’’-OI il,4E-ol  9.7E-01 I .OE+OO I .OE+OO 1 .OE+OO
FN,\(Yul(lK  (RA$MX)  O N  M A S S )  nEMAININC  IN TNM  SLICK  = n.7K-oi  , A n E A  =  2.711+06  PI**2

TINE  = 5. IE+OI  N O U N S ,  M A S S  FilACTIONoO~F~U  CUT  llEMAINING!
O.or?+oo  o.olI+f)o 4.7E-on  3.5K-01 9. 71t-o i
PllA(:rl(lN  (1 L3sIX)  O N  NASS) nF,PIAININC  lN-’rliE S L I C K  ❑

I .Olt+cto 1 .Orl+ito 1. OE+OO
0.?1,:-01,  Anl?A = 2.7E+96  M * * 2

TiMi? =  5.2E+OI  UOUIW, PIASS  FIM(XION  O F  EACN CUT  ni?PIAINi  NC:
0. 01:+00 O.vrl+oo  4.OE-01  fl.4E-ol  a.:lE-el 9.7F.-OI ! .OE+OO 1 .OF,+OO 1. OE+OO
PTIA(WION (UASKU  O N  tiASS)  RPYIAININC I N  ‘IIIF.  SLICK  = u.71t-til  . AnEA = 2.7E+96  P I * * 2

STEP  SIZE  OF 1.5ii5E+fI0  IS llASEl)  OR C U T  4

TIPU?  = 1  .011+02  UOUW,  PIASS  FNA~l  ON O F  EACII  C O T  RFTIAININC:
O.  OV.+00  9. OF.+O@  2.2E-07  4.9F.-o2 G.9E-GI I).  VE-O  I 9,9E-($1 1. OE+OO i . OE+OO
FIIA{;I’II)N  (llASKll  O N  MASS)  IIKHAININC I N  “IIIE  SLICK = n.riE-ol,  AnFA  = :{.7E+06 M * * 2

‘1’IHE  = i.5E+02  IIOUIIS,  M A S S  FnA(XION  O F  EACU  C O T  nEMAININCz
O.  OK+UO  0.012+00  4.6E-1:1 n.7K-03  n.ii%ol 0. 6E-O  1 9. NW,-(I  1 I.OF,+OO  1.4)E+O0
vnAcTlon  (r>AsEu  o n  NAss) OMIAININ(:  IN mm:  SLICK  = (1.4E-01  , AIIFA  =  4. FII+06 PI%*2

STEP  S I Z E  OF ii.200E+O0  IS IIASMI  ON C U T  S

TIPllt  =  2.lE+WJ  Ilouns M A S S  PYbl(~lON  OF FACU  CUT nEPiAININ(::
O.(.)K+OO  ().00:+00  0.0;:+00 1.4V.-O4  2.2 F.-OI 7 .OE-01 9. 6K-O t 9. 9E-O t 1. Oll+i-to
Flll{XIOfl  (UASKlt  O N  M A S S )  NltNAININC  I N  TIIE  SI,l CK = U.: IK-01 , AIIFA  = G.211+06  t4.kw2

TINE  = 2.6 F.+-Of!  UOUnS,  MASS IV IACTION Or  EACU CUT nlUVAININ(;t
().01+00  O .  OI!+(JO 0.0S+00  9.111:.-06 I  .2E-01 7.lrt-ol 9. OL-O 1 9.91?-01 t .OE+OO
l.’l{AtXl  ON (IJ?,sPX)  ON PIASS)  Ul?NAININC IN TIIE S1.l  Ct  = o.:lE-oI,  ,\nrc~  = J.(U?+.06  r4x*2

TIMN  =  0. IE+02  00UnS,  HASS  I“NAC710N  OF F.ACU (XT  17 RPIAINING:
().OK+OO 0.01,:+00  O.oll+oo  7.21t-oo  $. UE-VJ  f,.:ilc-ol 0.4M-01 9. 9E-01 I . OE+OO
IUII(VI(IN  (MsIW  O N  PLIS!!)  lllvlAININC  IN ‘INK  S L I C K  = n.2v.-ol  , AnEA  = G.81Z+06  PrxS2

TI PIE =  0.61:+02  NOUIU7.  M A S S  FnA~l  ON OF FACII  CUT  IIFllAllil  NC:
O.ort+oo  O.olthoo  (i. olt+oo  9.4 P.-IO  2. NK-+W  5.6C-01 9 .2V.-(BI 9. 9F-O  I 1 .OE+OO
h’llA(~l”l:lN  (UANKN  O N  NASS) NENAININC  I N  TIIE  SI. ICI: = n 21;-0 I ,  AIII?A  z f,.nE+e6  F’Ix*2

1 .oF,+oo I .OK+O{) 1 .Or.+oo 1 .OF.+00 i .oF,+oO

1 .0s+00 I .01!+00 1 ,Or+oo I .0E+O(3 1. OE+oo

1 .OE+OO 1. OE+OO I . OF,+OO 1. OE+OO 1. OE+OO

t . orL+oo f .OE+OO I .OE+OO I . OF.*OO I . Oi?+oo

1 .OE+OO I . Ol?+oo I .OF.+00 1. OE+OO 1. Oll+oo

I.ort+oo 1.OE+OO 1.(3E+O0  I. OE+OO I . OI?+OO

1 .OE+OO 1. OE+OO I . OE+OO I .OE+OO 1. OE+OO

i . oF.+00 1 .Oll+oo 1. Olt+oo I .Oll+oo i . OE+OO

I .Or?+oo I .Oll+oo 1. Olz+oo I .  OE+OO I. OE+OO

1 .Or?+oo I.or,+oo I . OF,+OU I .Orl+oo 1. Olt+oo

1. Or?+oo i . Or!+lm 1 .OE+OO I  .Orl+oo  I  .oll+no

t .o13+o@ i . Ol?+oo i .Ol:+uo I .OE+OO 9 .Oll+oo



Tlrm =  4.21M2 nouns MASfi FNA!X’ION  OF FACII  (!UT  llF.FIAININ(l:
0. 01,”+00 (). OE+(IO  O.oi+oo  O.  OEIOO 1 ,*~_,).J 4. 9E-(11 ~) .4)1,:..01 9.917.-O1 1 .oE+ori
l’11A(Y107  (I!ASKII  ON MASS)  NIUIIIHIN(:  I N  ‘1111(  S1.1(:1( = 11.11;  -01 ,  AnF.A . 7,3E+06  FI*$:2

TltllJ.  ~ 4.71;  +02 IK)UIIS, NASS  F I 1 A C T I O N  01,”  F,ACII (Nrr l\lTIAININ(;:
(). {)!:+ 4)0 O. OKIOO  O.ov+ol-l O.  OK+OO fi.2F, -0:1 4 .:ilt-Jl  I 11. IN!-01 9.nIl-(11 ! .OF.+00
I“llh(:l’l(lrl  (I:ASKI)  ON  NASS)  NIWAIN[N(2  I N  ‘1’III!  :+1.1(:1  . 11.11(-01  , ANEA  = 7.7 F.+OG  14*:1’2

, ox+(x) t . Oll+o(? 1 .OE+OO I . OE+oo I .01;+00

.OF,+OO  1  .OF.+(W  t.ol:+oo I.OE+OO 1. OF.+(MJ

:J’I’EI’  fiIzE  ol~ I  .770E+o  I Is nAsEn ON cuT !;

TIIlt  FINA1. M A S S  lVIA(~l  ONS kYNl  ‘1’111  SI. ICK  A T  fi. lK+iY2  IlfNlllS  Allll$
i ..} W2F,-0:1  3.6 GfiE-f)i(), (jo(\[;  I.(1()  o.o(!oF,+  (JO  (J, O(N)I!IOO  O.(NN)K+OO R . 64N%-9 i 9 .79!JI?-O t

I .Ooolt+oo I .000It+oo
9.903F,-01 9.9r19E-@l I  .000E+OO

I .0001,:  +00
I,”IIA(XI(lN  (Il,\!:FXl  ON NASS)  IIIYIAININC  I N  ‘I”IIK  f;l,lcK = 11.ol?-ol  , AIIIJA  =  t). llt+06 tl*7?



CNUJ)E 0 1 1 .  CllAnACTFfl  IZATION  A N D  PSJXIJIOCQMPORFXT  EVArOnATION  MOllEL
II)F.NYIFICATI{)OI  PIIIJJNII)E  IIAY,  ITJWI 9, $IAIN!*I,K 71@II

V/\l’!)ll  Plll:SSUJll,:  I N  ATMOSJ’lJIIIJL.  AT  4. WOE+OJ  J) ICC 1’

VP

I 5. 19 2 ) ? - 0 2
~, I .5:IOR-W
:1 :).i)~~]~-():,
k f) .029 Jt-04
o I .J)71JE-04
6
7
II
9

I ()
11
j~
I :1
J .8

NIJAR

;I.4.:II;  K-05
O .oGoJt-06
9.0:14K-07
I .:166E-07
1 .I(4JK-o  IJ
6.orj5R-lo
9.6111  Jt-11
I .297)!  -12
4.a401t-14

MOLK(:[JLAN  WllIGNT  OF TOE  CIWDI?  =  2.730E+02

-b
o



.

------ ------ --

a

408



I . f)E+oo
FIIA4YI’ ION ( J)ASED  ON MIWfi  ) JI12MA I NI NC I N 171E  SLI w = 9. f,I!-O  i , AMFA = 9. I J?+os FJX*2

S7’NP SIZF,  OF I  .  1 6 9 F . - O  1 1S IJASF.11  OR CUT  2

‘rlrl~  = G.2E+O0  IN)UIIS,  M A S S  FllACTltIN  01 FACn  c U T  JIJtNAININCi
2 , 4 1 : - 0 3 1 .71;-01 6. 41t-O  I 9. OF.-OI 9. INZ-O I I .011600 I .OE+OO I .Ol?+oe 1. @E+OO
I Vli+oo
FNA(:I’ION  (l)ASJU)  f)N hlAF3S)  flF.Fi,\l  NINC I N  T O E  SLICK = 9. CI-01  , AnFA  = 1 .0E+06  M*x2

Tlm = 6. flE+(iO  UOUilS,  M A S S  F’IIACTION  Or EACU Cl/r nENAININCt
4. 21!-04 I .01:-1)1 G.flF,-oi u. Olt-a  I 9 .7F.-.ol I .OK+(JO I .OF,+OO I . oE+of4
1 .Olloo

I .oF.+oO

FIIAI;rl(IN  (IJA::JHI  ON M A S S )  nl?llAININC  IN “lIIE  SLICK = 9.51;-01 . ANF.A  = I .1E+06  M**2

TINE  = 7.4K+O0  UOUnS,  MASSnFFl$~~ON9~~r~~~I  C U T  JIENAINI  NC,
6.11,:-03 5. UF.-U2 4.917.-o1  . : 9. VE-01
I .Oitl(w

I .OK+OO I.OE+OO  1.OE+OO

FIIA(:I’10N  (UASEI) O N  PtASS)  nFTJAININC IN Tllli  S L I C K  = 9.4 Ji-ol,  AnsA  = 1.IE+06 FJ**2

TIME  = 0.4E+O0  UOUnS,  M A S S  FnACTION  OF E A C U  Clr7 nlOIAININC1
u.6Jl-06  ~.2Jt-02  4.2E-01  R.2M-01 9. 6R-O  I 9.9 F,-01 I .OJ++OO I .OE+OO I . OE+OO
1 .OK+W
Fl(A(:rl  ON (nASFTf  ON M A S S )  nF,NAININC  lN ‘ilIE  S L I C K  = 9.+ Jt-01,  Anl?A = 1.~E+06  M**2

Tim;  = 9. IiF#+oo n o u n s ,  rnASS7F~F~~;ON  O F  E A C H  COT  nEflAININC:
1 .Ul,’-ofl 1.7Jt-02 3.61!-01  . . 9.5E-01  9.9E-01
1 .OE+OO

I .Ol!-.+tio I.OE+OO  l.OE+@O

FNACTION (nASF,U  O N  tlASS) nEnAININC  I N  T J I E  S L I C K  =  9.4 JI-01,  A n E A  = 1.aE+06  H**2

TIMI? ❑ I .IE+OI  ll(fUnS.  M A S S  FRA(YI’ION90gP~f~l  C U T  nENAININC;
I .ll!-t)7  0.7E-00  fl. (fF-01  7.6E-01  . . 9. 9E-O I
I .Olt+ffo

I . Oll+oo I.OE+OO  I.OE+OO

FII,ACTION  (UASEO  Oil  MASS)  REJVAININC  I N  T O E  SLICK = 9.31t-ol, .4nsA  =  1.fl12+06  PI**2

‘rlMJ? = 1.21?+OI  UOIJRS,  M A S S  tTIACTION  OF FACII  C U T  nJ?iVAININC:
9. OF.-O9  4.:lF.-O~  2.5E-01  7.:tli-01 9..lE-ol 9!9E-01
1 .OIHOO

1.0s+00  i.oE+no  l.oll+ocl

F’I\At:rl  ON (nASEO ON UASS)  llEJIAlhl  NC I N  IIIE SLICK =  9.:11:-01.  AnFA  =  1.4E+@6  P I * * 2

STIV  SJZE.  O F 2.OlflE-01  I S  nASF,l)  U N  C U T  ~

TIME  = 1 .:tE+O1  lIOUNS, MASS  FNAC710N Ot’ FACJJ  C[JT III?  NAININC:
O.OK+OO 2.OC-03 2. IE-01 7. or-o  I 9. :IF,-01
I .01:+00

9.9~_ol 1 .Olc+oo 1 .OI?+OO 1 .oJt+oo

I“NA(N’ION  (JIASJ?N  O N  MASS)  nEMAININC  I N  TIIE sLI{:K  = 9.: IF.-O1  , AnF,A = I ..$E+F96  J4**2

‘ri J’JF,  = i .4E+OI  Uoolls,  PJASS Fnhf7rlrfN  O F  JtAcll  Clrr  NEIIAININC:
~.~)l,;+()(,  n.l,~_{)* I .7E-01 fJ.7F.-ol ,).2E-01 0.9F,  .01 1 .OE+OO 1 .OJ?+OO
! .01!400

1. OF.+00

lVlt(:rl(lN  ( n A S E l )  ON M A S S )  UNNAININC  IN ‘1111;  !$I.lcK = 9.2k-01  , MilA  = 1.5E+06  M**2

TINE = I  .5E+OI  NOUnS,  MASS HIACTI(M{ OF FacO C U T  NkXAININC!
(). 01.:+00 :i.llE-04  1.4K-01 6.4!;-01  9. IE-01 V.lllt-ot I .01;+00 I  .OE+OO 1 .QE+OO

1. OJ?+OQ l.nJ?+oo  l.oJi+oO I . OE+OO 1. OE+OO

i . OR+OO 1. OE+OO I . Ol?+oo I . OJ%+OO I . Oil+flo

1. OE+OO  1 .  OE+OO I.ol’l+oo  l.nF.+oo t .oF.+eo

1 .Olt+oo 1. tfE+OO 1. oJ%+Off 1 .OE+OO 1 .Oi?+oo

I .OF,+clo l.OE+OO  i.OJ?+OO  I.OE+OO I . OE+OO

1. OE+OO .ff~+oo 1. OJ?+OO  I  .oE+oO 1. Ol?+oo

1.01:+(+0  t.oE+oo t,or+oo  I.or+oo 1. OE+OO

1 .Ok+f$o 1. oE+oO 1. Or+oo 1 .Ort+oo 1 .Or!+oo

I.ol(+oo

1 .fiE+of)

.9s+0(9

. ol%+no

.Or,+oo t .elr.+oo 1. or,+Oe

.f)~+f)o 1 .f3E+oo I . OE+OC
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I .Oll+oo
F’IIA(TION  ( IIASFXJ  CM! M A S S )  nNNAl !iINC IN TOE  SLICif  = 9  .OE-01  , AIIF,A = r! . 0E+06  M**2

s--

t--l

TI?O! = 2. flE+O I NOUNS, MASS P’nA(XION  Or FACII  CUT  nEMA I N I MC:
n .OK.WO O.  UK+OO L!.7N-0:1 n .14:-01 7.{,~-(), 9.6F,01 f) .9 Y.-o  I I . OF.+00 t . fJF,+oo
I ,4)1,’  +(){1
tll/\(:l”l(lN  ( IIASFO  ON NASS  ) lll,:N,\l  N I NC 1 N Illl!  S L I C K  = 0.01 , : -01  ,  Anlm = 2. II?+(I6  M**2

“1”1  Nl~,  = O . 0 S + 0 1  N O U N S ,  11.iS$l  i’llAC’rl  ON 0% EACN (Y.IT nF.MA  I N 1 NC :
0. I) I!+OO (J .ol~+~o  4.~lj-~~)  2, Vl:-(.)t 7. Ol?-o  I 9.6N-01 ,) . 91!-0  I
I .(11:  +00

I . OE+OO I . OE+OO

l’ll,lf ‘1 I (1N  ( (L\t+kXl ON MASS I lIKNAI N I NC 1 N “rlIll S1.1 tX = 9 .  OF.-OI  , AIJFA = 2. 1E+06 rl.$*2

TI!IV.  = 3. IF.+01 N O U N S ,  M A S S  FNACTION OF  IbM21 C U T  nEMAININCi
0. 01,:+00 0.01,:}00 :1. IK-0:1  2.71’,  -01
I .OK*OO

7.{,  E.01 9. 5R–ol d) . 9E-O 1 1 .OF.+00 1 .oE+oO

l“liAt:rlo N (IIAsKo O N  NASS) llEMAININC  I N  TIIlt  SLICK = 9.01,:-01  . AIII?,A  = 2.21C+06  M**2

::;[+;O  n62::lw:oIloons, ?IASS l“nA~l  ON OF FACO CIT nF.NAINI  NC:
2.2 E-0:1  2.010-01 7.5E-01 9 . .Ira-ol

1 .01’+00 “
9 .9k’. -@I i .OF.+00 1 .@ E+OCf

FIIA(:I’ION  (OASKII  O N  NASS) nENAININC  IN Tlllt  SI,l CK = 9,01.:-01,  AnEA = 2.2E+06  lf**2

SllT  SIZE  O F  7 . 6 9 9 1 ?  -01 1 S  nASED  OR CUT  4

‘rl Nl+ =  n.:ll?+Ol  IIOURS,  ilASS  FMCTION  Or F.ACII CUT  ltEMAININC,
0.01,:+00 0.01,:+00 1 .6 E-0:1 2. 4r,-o  1 i’.4E-ol  9.a!t-01 9.91<-01 1 .OF.+00 I .OE+OO
I .01:+00
INAcTION  (OASKll  O N  MASS)  nF,MAININC  lN ‘rllll  SLICF  ❑ 9. OK-01 , A n E A  =  2.2E+06  H**2

TINE = 0.41t+Ol  N O O N S ,  M A S S  FNACTION OF EA(XI  CUT nl?MAINI  NC:
O.ul,:+oo  0.01.; +00 1 .Olt-o:l 2 . 1 1 - 0 1 7.: IE-01 9. *E-O  I ,, . ,,~:-(,  j

I .Ol!+oo
I.on+oo 1. OE+OO

IOIA(-I’ION  (OA:JFU)  O N  MASS)  llltflAININC  I N  T i l l !  SLl(N’  = 9.0 Y4-01 , Anl?A =  2.:\E+06 flk*2

T I N I !  =  (1.617+01  NOUNS,  li.lSH IWACTION  OF I?AIHI C U T  IIENAlfil  NC:
() . OK+()(I o.(,r,+oo  6.6[,:-04 1.91,:-01 7. IV.-OI 9,41,: -01
I .011+0{1

a) .9 K-01 1. OF.+00 1 ,OI?+OO

FNA{Yrl:JN  (IIASI?O  ON HASS) nI?MAININC  Ih 11111 SLICK = 9.0 It-o  I , ,4nr.A  = 2.3E+06 M**2

TINE = 0.7 F.+01 N O U N S ,  M A S S  lVIACTION  OF FACII CUT lll?NAINING:
0.01;+00 U.ol;+oo 4.i E-04 1 .il,-01 7.oE-el 9.4K-1)1 9. 91t-f4i 1 .OF.+00
I .01!+00

I .OE+OO

f’llAf:l’ll}N  (JIASIUI  O N  tlASS)  llF.NAININC  I N  “ l ’ I l l ?  SI.14:k.  = 11.91t-fil  , AIIF.A = 2.41?+06 flk~~

TINN  =  n.9:;+OI  iNJUnS,  NASS  FY.a(XION  OF F.ACN  CUT  nENAlril  NC:
0. 01,:+1/() O.Ol,:+iMJ  2.!ill-04 ! . fii’:-of 6.1111-01 9.: IK-01
i .OI;+.  IN,

,! .91,:-0 f 1 .Olz+oo 1 .Ol?+oo

IWAI;I”141N  (OAf:HII  O N  NASS)  II E!IIININ(:  IN T O I !  SL1(:I:  = 1 1 . 9 1 - 0 1 ,  Anr.A  = 2.4 F.+06  rl**2

Tlp!j?  : 4.11,:+01  Nouns,  M A S S  FllA(771fNi OF FLlco  C U T  NIWAININC,
O.OK+OO 0. Ol:~lJO I .fitc-1).t 1 .41-01 6.7rt-lJl 9.: IF,  -01 ‘J ‘JF.-O 1 I .OF.+00
I .01;+00

1 .Ql%+oo

k’llAIH’lt~N  (IIA:;IU)  O N  MASS)  nlO1.ti  NINC IN INE SI. I(:K  = 0.9K-01  , Anlol  = :?.SR+ki6  N**2

I . oF.+fio i . 011+00 I . OK+OO I . OE+OO 1. OE+OO

1 .OE+OO t . OE+OO l,oF+OO  1.0E400 1. Oll+oo

1. OE+(?O I . OF.+00 1 .Oc+oo I . OE+OO I . Oi?+oo

1. OF.+00  1. OE+OO 1 .Wl?+oo t . OE+OO 1 .Oll+oo

I .Or,+oo

1. Ol?+oo

. OE+OO 1 .OE+OO I .Oll+oo 1 .Ol?+oo

. Olc+oo I .OE+OO 1 .Olt+oo 1. OI?+OO

1. OIL+OO i . Olt+o(! I .nE+oo I .OE+OO 1 .OF.+00

i .OE+OO 1. OE+OO 1 .OF.+00 f .OE+OO 1. fJE+OO

I.ol?+oo I ,fJl?+oo

t. OF.+O@  i .OF.+00

01:+00 ! . m?+oo I .$?E+OO

.01:+00 i.OF.+00 1 .Olt+oo
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I .OF+OO
FllAf7110N  [DAWN  OH MASS) llEMAl NlNf7  IN Tlllt

SITI”  SIZE OF 7.0161?  +00 I S  nAsF.n  ON C U T

SLI(7K = n.41t-oi,  ;,nr~ = Z.31?+06  M**2

G

,1.lrll.  , 2.6S+02  NOUnS,  M A S S  FNAfTIO1’f  OF FAcN  C U T  nF.N,AININC$
!~.t)F.+lM-l O.  OE+OO  0.0s+00 O.  OI:FOO
I .01:+00

1  .2 E-o:l  :1. ort-ol /1. IE-01 Q.7E-01 1. OE+OO

FIIA(:I’ION  (nASiX)  O N  MASS)  nEllAININC  I N  TIIII:  SLICK =  [1.4E-01 , A R EA  = G.91?+06 N “ * 2

TINE = n.llJ.+-02 UOUnS,  M A S S  FNACTlilN  O F  ltAcIl C U T  nEMAINltiC!
0. 01.  +oo O.  OKIOO O.  OE+OLI fl, ol,:+oo
I .4)1;  +00

1 .5E-04 2. OI!-01 ‘7 .6K-01 9. fiF.-Ol  9.9E-01

I“IIA(71’I(IN  (OASEO  O N  PIASS)  lilltlAININC I N  TIlll  SL14:K  = o. flK-01 , ARFA  = 6.411+06 UZ6X2

‘rim!  ❑ 0.(, K+02  lIOUNS, N A S S  FNACTION OF  FACII  CUT  nEMAINI  N C :
0. 01:.+00 o.olt+oo  O.OL+OO  ‘0.l)ic+o(i
i .01,:+  (10

I , 4E-eLi I .: IE-01 7. 11;-01 9.511-o1 9. 9E-Oi

lUlnt:”rllJN  lNAsltO  ON M A S S )  IIF,MAININC  I N  T i l l !  SLICF’ = (1. al:-f)l, AIIFA = 6.911+@6  H**2

‘rlmr. = 4.IK+02  Nouns, MASS VnACTlf)N  O F  FACN  C U T  nlNIAINI  NC:
0. 411:+00 0.01,:+4)0 O.  OK+OO O.olt+ofl I  UE-O(J 0. 4.E-WJ t, . OF.-o  I
I .OK+OO

9.4it-ol  9.9X-$)1

I“IIA(:I”IIIN  (IIASCII  O N  MASS)  llENAINiNC  I N  ‘IIIS  SLICK = 0.2 F.-OI  , AnFA  = i’.~l?+O6  M * * 2

TINE = 4.0E+02  N O O N S ,  HASS  FnACTION  OF LMCI{  C U T  nFYIAININ(;:
O .(11:-+00 O.oi!+oo  O. OE+OO O.OF.1OO  O.IE-00  G.21?-(V2  f,. llt-(fl
I .Oliol)

9. OE-01 9. 9E-01

FllA{Yrll)N  (11,$S1;1)  O N  MhSS)  nIIMAiNItN;  I N  ‘111P  SLICK = o.21i-nl.  AnnA  : I’.7E+B6  M * * 2

1. Or,+oo I .OE+OO I .OF.+!-!O 1 .fJF.+oO 1 .OF,+OO

1 .(IF.+00 I .oE+flo I .OF,+OO I .ort+oo 1 .Olz+oo

1, Ol?+oo I .Olt+oo 1 .OF.+00 1 .Oil+oo 1. OE+OO

1. Ol?+oo I . Ql?+oo I . OF.+oo 1 .oF,+oO 1. OE+OO

1 .oF.+rtf? I.oF.+f)o  I. OF,+OO ! .Oc+oo 1. OE+OO

TlllIl  FINfil.  MASS FMCTIONS  F(NI  TMK  SLI(;K  A T 5. 111+02  NOUNS Allllt
() 01)(11,:1-00 0. oooll+oo O.{)offt-.loo  (+.000K+OO  4.(130E-09 !I.1ONF.-O2  ri. !lilll!-fat 9.t39E-ol  9.nrX)F.-ol 9.9n9E-@t I .000E+OO
I .000$  :100 I .Ooolt+(}o 1 .Ooolti.l;(l I .Ooot’.  }oo
FIIACIION  (n,\sKi)  O N  M A s S )  lIiiPIAININt:  IN wit  sLIcK  = n . 2K-U 1 ‘. AIIFA  =  0.IE+06  M**2

*.t:fi*x  I’.  K, :t. *:f,:*.P:t ****: k**** *:!**  :l:**Y.  ***** *:k:c:k*  *:k,K:;  :K*.  *.:i**:l  ***:k* *****l:**



CODE LISTING: OCTOBER 1981
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J=-
IJ
m

0 0 0 1 0
00020
000:10
0U040°
(I()(lf  i,)
00061)
410(> :(8
OI)(IIW)
IN)lb’)()
(IO  I(N)
w) I I o
00 I :10
U(I I :10
()() I .$0
():1 1 3( I
0:) { 6( I
00 I 70
00 I 110
00 I +)0
0(1:!  (10
~Nv?  I o
00:220
0{)2:10
0(YJ40
00250
00:!60
0(1:!70
OIL!DO
OO!!l10
00:100”
()():1  I o
!)0:120
00:I:M)
00:!.!0
!N):lrio
00:!60
0{/:170
00:1!10
00:190
()(14(N)
004.  I o
00’}!!0
0(14:N)
00440
Ul)+:io
!)l).  $60
00.J.70
()()JI!I()
(104’10
Oou{vl
Uofilo
Olt!i?,o
O():J:N)
(Ktil.1.f)
I)l)fi:,o
OIIF(,O
00770
Oofillo
()()3*X)
O()(,o(l
1)0610”
()()6:!(1
I)06:IU
O:)(,4O
(N16!KI
00(,+,()

c **%*%  CIJTVAP  . FOR  **%.7.*

c
c Cm YCNJII  OUTPUT  FIKN4 (xJTVAP  , OUT/F 1 LF,  I FOnTJkAR
c

nFA1.*4  MW  , MU  f , Kn  , lfrC 1, MTCfl  , MASS. MIII,ES
C()?Dlf)N /COIL/  Nl#l  .T..;  l ,v(:l .JW1  ,(:NIIJ41 ,  VISf
CONMI)N /!:1,1 1,1./  $fr{::j(:l~)  ) ,Vl,  (:lo ) .VI.IM:(  :i(~)  ,NIIo(:IO)  ,Z,  TJlnM2

1 ,FJw(ao)
COMMON / JW;OUFi  10N
OINI!NSION  Tll(:10  l, APl(:lO)  .AfO()),ll(  ~0),  "~l)l.  (~0),  Al}ll. (:l0) ,VC(O@)

1 ,T41(~O)  ,JV.  (:lf))  ,I:JNIII(:I())  ,TIO(:W))  ,llVAl~l (: N)) ,IIVA17,  (:N)I
2, V0141,  (: IO) ,VOL(:IO)  .Ivol.ws(:l(l)  .Mrcl (:10  ) ,Vls(:m)  ,VISK(:I())
:1 ,vI.oCK(:IO)  ,:$1’(211{:10)  ,NC(:N) , ,Ns(:Io  )

nlNJiNSloN  ANAIIEI (I O),  ANAIII!Y( I())
O A T A  ANAMJC2/’  NOirlll’,  ” SIAN,,,’K  CIIIJS,l])I1 .,6*, ‘ /
DATA ll\l/f37.5,  )’}{,. ,Y21J.  ,20(). ,20:1 .  ,X04 .  G,827 .  5 ,004. , :100.5

l.405. ,426.  3,449 .G,47e.  049(). ,501),  s, fi2(l.  ,n`17.5,5f,7  .fi,  fil)fi.  ,(;o2.
2,6~8.,641 .,654J. ,7*0./

DATA API  L’71.6.59.7,  WJ.. r0.0,49. {),41)  .6,47  .:1,.}  (,.,44  .,011.6
l,3fJ.0,:i7  .2,  a5.4.:Kl  .9,:13.  1 ‘1”>  ,) ‘ll.ll,:ll  .6,:10,7,2  ~J.6,21).  ,26.9, .  . . . - , .
2,14.6 .7:0./

D A T A  VOLl#l.  !J,2.  1,2.  0 “] 1  ..2,,1.9,2.,2.,2.,2.,2.,2.
1  , 2 . , 2 . , 2 .,2. .2. l,2. ,2.  liJil~ii.  .7*()./

Ylfx)=  ({l .-x)**o.:111)/(x*?()
01’EN  ( UN IT=(K! , 1)1 il.(~=  ‘ I)SKI):  CUTVAJ’  . OUT’ )
IOU=:12

50 t
1

304,

507

30G
SIG

317

x?  1

:::i:l

no
I N

1

A1’1 1)1.=25  .7
‘rY1’E  701
F{ NIJ4AT( 1X,  ‘ENrEn  TT IE  NUr4nFJl OF T O P  C U T S  T O  BE (XIAnACTJMIIZED

O N  12”)
“rYl}Jf  50!?
iWINA’I’(i  X, ‘IF YOU  MAW  N O  INPIIT  DA T A  .IIJST ENTF,D  99. )
‘l’I’l’k: owl
FUNM,AT(IX,’A  99 F,NIIIY  W1l.1,  lJSN “IIIE  l, IINIAJIY  EXAPJIV,K’)
I C(IDJI=  I
A(X:J!l’T  504,  NC!JTS
F’(NIFJA’I’(  12)
IF(NCUTS.NE.99)  CO ‘rO  005
lCODF.=2
NCIJTS=2:I
AI’  JU={.I’1  01.
D{} 5!)7  1=1,10
ANA?IJ!I(I  )=ANAKJW(I  )
Corrl’1  wilt;
co “r(# :t:l:t
‘1’YI’1:  Slf,
FfNlJ4Wr(  lX.’ENTFXl  TJlll  IJ)ENTIFICATION  OF TIIE CrIUJ)F,  *)
ACCJt)”l”  617. tAJi\rlJti  (l),  l=l.lo)
WDJ4AT ( I $1.)6)
TYJW WI
b’ollrill’r(  i x , ‘WITED  TIN,: INJI.K Al,l  CIIAVITY’  )
,\(:Cl,’1”1 I 1, AVIN
IN} 9,),  ) I  :1 .N(:lrl”$:
ix) 1’() (Jw),ri l),  11’mfw
‘I VI’F.  10,  I
IW!NA’I’I  l!:, ‘Kl{’rlll TIIK JIOJLINC J’OIN1’  A T  1  A T M  I’n I N  JJFfi  F

FON COT’ .1:1)
,\(:CK1’”1’  I I . TN(  I )
JWNINA’1’(  Fi 0.0 )
TYI’E  l:?, 1
lollilA’~(I~,  ”KWrEll  AJ’I  CJIAVITY  FOn  CUT’.  iO)
ACW.lpl’  11, .’ll’1(11
TYPE  10, I

FOIIHAT(IX,’ENJTVI  VOI.IJNE  PEN  CENT  M-Ml  C{rr’,lfi)
Acckl’r  1 1 ,  Vul.11)
(;() 1-o  9 0 0



-s61=-c
t- t-k

n
c
1-

mc
t-

a
G
[-

c
N
I-.

------  ------  ------ - ~-.-.- ------  ------ ---=== == =--- ------  -----= -----
-=z=s~ :=~~~-.~ ~=-=x-  ==

- - - - ---==- ====:. =--=&’>~=~  ~z~::~~ ~~=:== izG?---- --.  I.. WL - 1.=5=-3~  ~L.’-s---s
-- GUNI-I%A{. *1-:. N,.=:= ======== @e >..-

. . ..ee>  r-===- :1a-.~~$.-.  o=~===,  ===----  --.-.---:1 :l:):t:l:;  ?l:i :1 :1==.=
- - - - - - - -  - - - - - - - -  - - - - - - - -  -=- - - - - -  .  - - - - - -  ------ -C-a=  s o  - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - -
= ==-------  ---.---=~~  ~~~~:.----  ==S=======  =========*  ~ - - - - - - - - -  - - - - - -- - - - - -- - - - - -  - - - - - -  .- - - - - - - -  - - - - - - -  -
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0 I :13(}
o I :140
0 I :Im)
4)1:1  ...0
01:170
<){  :{IJ$
ol:l~.o
1) I .:.00
01410
1) I 4;!0
014:10
0 I 440
t) t .trlo
014(,0
o I 470
(1 I 41io
$) I 4’)0
o I 500
olf  ilo
4) I C:!()
o I G:IO
t) I 540
01 5!io
(J Ifi(d)
o I 370
1) I 900
0 I :;90
o I (,00
01610
01 1)20
0 I f,:lo
() I {)}0
o i 650
0 I (160
o I 070
0 I fdlo
o I 690
0 I 700
01710
0 I 72.0
0 I 7:10
01740
o1711(J
01700
0 I 7741
0 I 7[10
01790
0 I con
01!110
o I (120
n I INN)
o I 1!40
o I 1130
(J I INN)
o I 11?0
o I /1110
o I Iv)n
o I ‘)00
(Jtol(,
() I 92<)
o i 9:10
0 I 944
0 I 9fio
o I Vt,o
o I V7(I
4) I VIW)

61

c
c
c
(:

149

c
c
(:
1 6 0
161

c
c
c
1 Go
c
c
c

:

CO  TrJ 161, 100fJ), N V
JfS(l )=NsN
A(I)=AN
11( I )=NN
Nw( 1 )=rlwl
Tc{ 1 ) =ll;l
‘J’(:(I )=  ’r4:(l)+4!i9.
w{ I )=V(; I
I’c(i)=i’cl
I; NIJMI I ) =CNUJI1

FINJJ  TIIE IEI’UJEMTOR13  A T  WNICJI  TJIE  VAPOR  I’RFSfNJRF,  I S
JJY U S  IN(; Nk:~’ON-11,41’llS(lN  WITII  TU iS ‘1111}  FIUST  cIIF2?s.

Ni:(  1 )=0
YIRN=A1.M.10  (0.01 :115/l’C(  I ))
X={TIJ(  I )+4ff9.  )/1’C(J  )
k:x=Exl’(  .-20. *(x-l\(  I ))**?)
Y.-A(l)  *(l.  -xx/ExEx
YOUJ=Y-VrEN
vl’(ll=rc(  l)-*lo. **y
‘rFsT=Aiks  (vr(l)-().0f31fi)
lF(’tBT.l.T  .0.001015)  CO TO lfiB
NC(J)  =NC(I)+I
IF(NC(I).CT.20)  (XJ T O  1 6 0
nY=A(  1 )/(  X* X}+40.  *( X-U(l  ) )*EX
n 1 = YOJLJ  - NY*X
x=-nl/nY
C(J TO  14(J

U N S U C C E S S F U L  EXIT  FnOPJ  NEWT(JN-RAJVISOI!

TYPE  !6!, I,X,Y
FmwmT(lx,’Tlo  FAILOIIE  Fon*,14,  ~ A T  T  =  ‘.i PEIO.  a.*

1  LOCI  O(l’)  =  ‘,ll’EIO.  X)
(;0 .ro 9 9 9 9

I(J  mnc

WNERE

WJCCF.!%WIII.  F.XIT  FROM Nl?WTON-nAPllSON

TIo( I  )=x*Tc(l  )

CALCIJI.ATX  TN],: UMT OF V A F O R I Z A T I O N  A T  1 0  PJPOX;  WITN  TNE
CIAIWYII(IN  FiiuATloN  A N D  Nsn WATSONS  MIWIIOD  FOR TUE
VA II(JII  PNXSNIJNK  I! EI.OW  1 0  MNIIc.

.nl~=.rlo(l  )~r(;(l]
tzx=92.  ly*(m12-u(  I ) )wXr(-20.  *(”rn2-n(  I ) )*x2)
NVAI’=  t .9N7X”i’10(  I )x”r(()(  I )~(2.:lO:VCA(  1 )~(1’312~TD2)+F.X  }flC( 1 )
OVAI’I  ( 1 )= UVAP/flW(  I )
I! VAI’Z(I  )=!IJ7AI’Z(I  .-’llK?)”~W.30

I 000 cotrr  I NIJl,:
c
c I,:WI)  (J~ TIW  CIJTS  CNAll,\CTkXl[7ATION
c

WIIITIL  (1011,1f}2)  (ANANJtl  (i),l=l,lO)
1 6 2 FONMAT  (INI  , ‘:;IJMMAIIY  (IF  ‘I”IIP C(JH!  (:IIAMCTFIIIZATION  IIJ1’1,  ●

1.IOAG)
WJll  T17  (I(JU, IG:IJ

! 63 F(NWJAI(  .“ , NX , ‘“rl}.  ,nx,’Ar  l’,llx,’voI.’  ,9x, *rIw’,  ~)x,  *Tc*,9x,  IPc*
l,9x,’vc’,  lox,  ”,\”,  ltlx,’l\’  ,ilx,’’rfo ”,[)x.  ”vfs”,5x,’Nc  1(S”J

0 0  16’) 1=1 .NCJJIN
kfnl’rw  iI01J,104) l,”rn{l ), Arl(l), vol.(l),  mw( l),l’C(  I), PC(I),VC(I)

l,?. (1),11 (l),’rlt)(  l), VI S#(l ). NI:(I),  NS(I)
i r14 F~mMh’r(  lx,12, fl(lx, l] ’klo.:1)  ,2( Ix,12))
I i#9 CONT I NUI:

wulw  (IoIJ,  IIIO)



L



144
c
c
(;

142

1999
160
2000

SF,  ~,*

561

552

?,53

111

c
c
c
(:

.~~*

4:
c
c

I 70

171

, ~~
(:

CO TO  1 9 9 9
Tnf =xnrc(  I I

o() ltrrE(;nAL  JIY 91nrsoNs null, wfm 2 1  rorwrs

Tn2=T~v(  I )flc(  I )
nll=(TR2-TJll  )/20.
RJWJL1=YI  (’1111  )
Tlt=mi  I
II() 14U }= 1,10
w =Tll  + 1)11
lltislJl;r=  jll;sl)l:r+4.  *Yl (Tn)
Tn=m+uw
IIVSIII,I’=lII:SIJI.  T+2.  *Y I (Ill )
(:ONTI  Nl!l:
vw=tm+uu
ll!,Xlll:r=llFSU  1.T+4  .*YI ( I l l )
Tn=7w+nu
III! SIJI.T=  1)11* (DlkSIJl:r+Yl  f ‘Ill) )/S.
1“1 ‘-4. :1:1 -UVAI’Z(  I )~$NliWLT/(  1. 9fJ7*TC( 1 ) )
vl’(l)=Exl’(rl)
WRl”rK  ( I  OU,16fJ)  l, Vi’(i)
FollMAT(l  x,12,5 x,lr Elo.:1)
fx)rrr I mm
‘TYPE 550
FONNAT(IX,’TJIE  TJJP (WI’S  HAVE  nJ?EN  CJLAMCTJ?RIZED”)
,TYIW  55!-----
Fi)imurr(lx,’no mu wlsn TO  wwnm;n  TuIs cnunwt’)
ACCEPT  i’o2, ANs
JF(AN:3.KYI.’N’)  CO TO 9999
‘rYr}:  m32
Frmwrr(lx,,  rmrmm mm.  SrILL SIZE  I n  nhnRmJs’)
Accsrr II ,  om.
TY1’E  mm
FONMAT(IX,’ENT’ER  WI NJ) SPEED  IN KNOTS  I.J?W
ACCEPT  I l .  WINUS
TYPE Ill
FOIIMIYr(i  x,’ ErrrEll NIJrlnl:n  OF n o r m s  FOII  o i l ,
AC{:WT  I I  ,  XL!

NOW  CALCIJLATE  “rllE  I N  ITIA1.  CTIAM  rJol,Es  ron
{;k:r TIIE lwrx(;nA7’loN  srfinm).

JWJ=O.  159,knu14
7-floLFs=o.
1)0 G?@ I= I, N(XJTS
Sl~(;ll(  l) Z141.5/(Ar[(i)+I  01.5)
API!WS=  I G:19.  *SI’CR  ( I )* IIJIIsV(R.  ( # )
IIIN.EL*(  1 ) =APJASS/NW(  I )
‘rPlf)l.F.S=’rMol,l,L4+  !lol,FS(l”  )
IIIJ(}(  I)= IO{}. *1411 J.ILS(I  )/(nN*VOL(  l))
(:ONT  I NUI:

CAI.CIJI,A’IT?  TIIF  NIAh

wrMoLE=o.
n o  171  l:i,Ncurs
wrrlot,~=wr~rol.ki  rnw(  I
CONTINUE
wllw,  (I OU,172)  wrrwmi:
kvmr4wr(/.lx,”w~N  ?NN.muIm3

Iloun’  )

WFA7’JIXRlllC  T O  OCCUR”)

IMCR  COMI’ONENT  T O

M01.14:(:ULAR  WI; JCllT  OF TNJ?  CnUINl

*MoLFS(  1)/fXJM

WF.ICJIT  OF TRF, CRUnF,  = ‘,lrEIo.3)



.s
JQ
o

0:1:1 I n
0:1:120
O:l:l:ln
0:1:1.10
0:1:150
0:1:) 1,0
():1:170
i):l:lilo
1):1:11)0
f):l,l!lu
(X1.ilo
():1+2()
0:11:10
0:144U
0:1.1.70
1):1 !60
0:1470
O:ltllo
0:)4VU
(12s00
O:lslo
0:1720
():lfi:w)
0:1040
0::570
O:IG6U
o:ll17u
0:15!)0
O:lfivo
0:1600
0:16  ! o
(1:1(120
U:lo:w)
0:1(140
0:1600
0:1660
o:lt)7N
0:16110
0:1690
tx)700
0:17  I o
0:1720
0:17:10
0:!7*0
0:1750
().1760
0:1774)
0!171N,
0:1790
O:MW)U
O:l(ilo
O: UJ!!lI
0:111:10
0:1114{1
(1:11;00
0:111(!{)
0:H;70
4): IINIU
O:ill.)o
():1,)00
4):10!0
0:10:30
0:19:10
0:!, )44)
0:1,} 7(,
(P:<,lwt

c, CALCIJLATE  AN AJIF,A I N ‘rJJJ? f?AME  W A Y  I T  W  I  I.L NJ? cALCU1.ATF,N
c .45 ‘rlw t:l,l  CI: WIMTIIMIS.
(.. .

Z=9.02
Vol. url=o .
m) 666 1 = I . Ncrrrs
VOLUN=V(ILIJJii  rmu~s  ( I )mm(  I )

666 CON1’1  NIJK
llll?A=V(N.lJM/i?
1}1 A= S(NIT(  Al114:A/0  . 7!)5 J

c
c (! ONVEIIT  W I Nl) S1’1:111)  WI M/lIll.
c

WI NNM=  11152 .9*WI  NI)S
c
(: TIIF.  MASS TNANSFIUI  CUKFF  I C I ENT 1 S CALCULATED AC(XJJUJ1  NC TO  TWO
c WAYR  % JWCI  I S A(:COIIIII  NC TO  MACKAY A N I )  l\fiSMD  O N  CIJNENF, W  ITII
(: A  rrmdficwl..m  wElcIrr  or 120.
c

KN IS CIJMKNE’S  M A S S  TIIANSFEN
l.(Ntr’’r’’Jcl  ENr. Tll&!!R ANF, OVEJ’I-ALI,  FJASS-TIIANSFF,JJ  COJ?I.’FI(:JFTFK?.

c. .
‘rmm I =0. 015*WI Nnm4w.  70
‘I”I:IIN2=  DIA**(-O.  11 )

o.,
c
i,

KN INCI.[JOKS  l’JIIl  SCNMIVr NUMBMN  F(Nl  CIJMEN17.

KII=TF,IIN  I *TKJJM2
wiil’rw  (Iou,560J

560 FOIWJAT(IIJI, ‘OVJ!!n-Al,L  MASS-TNANSFEN  COF.FFICIF.N’7S’)
Wi l l ’ rJ i  (101 J,06i)  W#Nl)S,  WI  Nl)N

36 I l:{)llMAT(  /,1 X, ’WINl)  MI’14:IUJ = ‘. JI’EIO.3.’  K N O T S .  O N  ‘. IPEIO.3
I . “ !Wlnl’  )
“ wiilw  (I01J,616)  I) IA, AHEA

6 1 6 lr(lll~lNr(  lX, ”lNI’rl  Al. SI, ICK  lJl AMJ7Wn  =  ‘,!  I’I?I(I.:l,  ” M,  O n  AnFbt  = g
t,tr’F,lo  .:1,’  M**2’)

WIIITN (I(NJ.562)  VII
562 FililMhT(/,  iX,’OVJ?N:ALL  MASS-TJIANSFEN  Cf)l!FFICIJWT  FOll  CUMKNE  =  ‘

I.iri,:lo.:1.’  rI/nn”  ./)
WIIII’N  (101 J,!i70i

lr? 9 JWJMAT(XX,’CUT” , l~x, ‘M,JJn$  ,7x, .C-MOLKs/(]nl)  (ATM) (M**2)  t
1,3X, ’SI’GI1  OF (:UT’)

‘rItMl’=  ( n . :!l,: -0!; )*IW

(:
c
c
c

566
564

!r6Kr
1

c
4:
4:

IN) W+ 1=1 ,N(:l
rvm:~  ( I )=  KII*O.  9X*SON7(  (rJw( I )+29. MIW( I ) )
NTG3(I)  I S  “1’lllfl  OVIU1-Al.L  ?JASS-III?INSI:EU  COEFFICIENT  DIVINF.IJ
NY n*,r. 11=112 .00E+UO  (AI’!l)  (M+*:l)/((;  .-!lol,l;  ](I) I,:(: K )

rrrc:l(i  )=rrrcl(l  )/wmr
WIII’J’I!  (!011,560)  l, MrCl(l),  WrCfl(l),  S1’Cll(l)
INNIPIAT(2X.  1:1.:1(  IOX. 11’EIU.:1)  )
. . . . . .
SI’clln=!.  }1 .rr/(Arln+lal  .G)
MASS=O  . I nW2*lllll,~:J1’(  :1111
WIIITJ.: (IoU,  G611)  INIL,  MASS
wrrn~r(~,ix,mron  TmS srILrd nF  ‘,lr~~lo.:1,’  rmrrnrrs, TJIE

MASS II+ “ ,11’EIU.:1,  ‘  Ifll:llllfl  ‘rlJNNJV4’)
vl)l#urll\=Yi)141  )11/1)  .169
will ’rl ,:  II OU,  OIII  ) ‘JOLUM,  VOI,IJFJN
I;INIMAT(.  ,IX, ”V(ILUKV.  Fn(m sumrlrw:  TIIE curs  ❑  o ,lrrm. f, * PJ**3
(W1 ‘,11’1:10.:1,’  IIAIINII.S’)

(: ALCIJIAII  ‘J_lll: V I S C O S I T Y  OF TJIE  (:IIUJ)E  A T  192 NF~. F  A N N  TllE
Erwmlm  I,:  NV IIIOI{WU1{”J’  ‘1’KNPV.NATIINE.

VI SMIX={I.
1)() fi71  1=1 ,NCIJTS
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421



.

:-+

i

.--

w-
e=.-

422



e
MC- -

--
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z
=
z-.-
- -
,, >
- ,!

x - -
,!=-
,. _..
~~

<=<
x=>
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:,:

*
-+
c=
3.+
z-
.-
-.

.



.

07270 K(I)z-K(l)
(i’721Ml 200 (:OWI fl\]~
4)72(W Vm.=o .
07’.100 IM) :!00 1=1 ,tnm
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1 719 TYPE 711 : v
7 I I FOIIMATI  I X . ‘ 1)0 Y(NJ WANT “IT) (:N41N~:E ANY170NE? “ )

.
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co T(I 712 l>>>>)>)>~>)>>>)>>)>f)
l--------------------------------------------------------------------------l
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v
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v

------------------------------------------- ---------------------------------
i

v
I v

ic I v
Ic ALWAYS llENOnNAL  IZK TNE I NrUT V(}LUflES  TO 100%. I v
Ic I v
l--------------------------------------------------------------------------i
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0( (-l
v
v

---------------------------------------- -------------------------------------
1 I

710 V’NY7AI.=0  .
;----------------------------------------.----------------------------------l

v
v
v
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--------------- -------------------------------------------------------------
I0>>>>>>>>>>>>>>>>>>>: DO 7 ’ 2 0  I=I,NCUTS

. l - - - - - - - - - - - - - - - - - - - - .  ------------------------------------------------------:
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:
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----------------------- -----------------------------------------------------
1
1
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VTOTAI.=VI’WI’AL+VOL(  I )

l--------------------------------------------------------------------------:
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720 COlrr  I NUE I
l----------------------------------------.----------------------------------l
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1
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:--------------------------------------------------------------------------l
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Ic
ic IIJE CllAltACJ’HJ17 AT10N SIJJJNOlrJ’lNh  RKPIJFiNS  TOE LOCltl  OF TJJJt i
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Ic I. ,.
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I WRITE (IOU,164) I,TU(I),API(l  ),VUL(I),MW(  I),Tc(I).PC(I),VC(I  ),A(I ) j
1 l, U(l),  TtO(l),  Vl~(l),  NC(l ), NS(l)
I

I
164 k“Oll?lAT( lX,12,11(  lX.ll’EIO.:l  ),2( lX,12)) I,. l - - - - - .  ---------------------------------------------------------------------l

. v. v

. v

. v
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. 1
0< 1

I
169 CONTINUE

l---.-----------------------------------------------------------------------;
v
v
v
v

----------------------------------------------------------------------------

Will TE (
JV)RNAT(
WRITE (
FORMAT(
WIIITE  (
FORMAT(
WNIIE  (
FoRrJAT  (

Iou, foo)
//.Ix,~TJJ = Norutm DOILINC  TEHPERAmE,  DEc
Iou,lal)
IX,’API = API CRAVITY’)
tou,  ja2)
IX,’VOL  = VOLUME PFX  CENT OF T~AL CRUDE”)
IOu, llxl)
iX.’liW  = MOLECULAN  WE ICRT’)

F’)

WRITE (10iI,184)
184 FORNAT(IX,  ”TC = CRITICAL TF.!U’F.RATOnE,  DF~. RANK IJIE’)

WJIITE (!011,185)
IB5 FOJUJAT(lX,gl’C  = CIIITICAL  PfJFSSURC,  ATJIOSJTIEnFS’)

WRITE  (I OU.  1 0 6 )
106 FOniJfiT(i  X;; VC = CJJITICAL  VOLUME, CC/MOLE’)

wnlTlt  ( I  OU,  I07)
187 JWllMhT(l  X,’A A N D  n  A R E  PAJlAMk7JlMlS IN TJIE  VAPOR  PIIFSSURE

i IWJUATION’)
WDITE (IOU,191)

191 FONHAT(IX,’TIO IS TUE TEFJPFJIATUJlfi  IN DF.C II WHERE THE VAPOR
I PDKSSUNE IS 19 flPJ NC,)
WRITE (I OU,192)

192 FWIMAT(l  X,’\)l  S IS TRE KINEMATIC VISCOSITY IN CENTISTOKE13
I AT 122 JMX F’)

WOITE  (I OU,  iRD)
lRR i’onllAT(l  X,” NC = F.llnOR CODE,  SIIOULD  BE LESS TRAN 29’)

Wlll”lw  (I OU, II19)
109 FonrtAT(tx.  ”Ns = mnon coDE, SllOIJLD  nE FKN.JAL TO I’)

h’DITE (10U,t90)  NCUTS
190 FODMAT(lX,’lCNOJIE  TRE  ERINNI  CODES  FOR C O M P O N E N T  NUMBER  ‘ , 1 2 )
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;
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: ACCEPT  II ,  XSAVlt
I ‘rK=(XSAVE-n2.  )/1.4J+27n.
! IF(XSAVE.LT.O.  ) CO T O  9 9 9

i

:
1
1>>>>>

l--------------------------------------------------------------------------l
v
v

:

G .
v .

v .
.4

:
.

v .

v .
>>>>) >>>>> >>>>>>>0

v .

v A

v .

v .

v .



c > > > > > > > > >
A

A
A
A
*

<<<<<<<<.<< <  < < < < < < < < , <  < < < < < < < < < < <  <  < < < < < < < < , <  < < < 1 < < < < < ’ ,  , -.<<<,,<<<,
A

k
A
A
A

e>a>aaa>>aa>.>>  >(
A A
A .
A .
A A
A .

> > > > > > > > > > > > > > > > > > > > > > > > > >  > > > > > > > > > > > > >  > > > > > . > > > > * > >  > > > > . > > >
A . >>>>

l - -
1
I
!
I
!
I
,
I
!
1
1
1

t
1
$
1
1

1

t

:

I

------ ------ ------ ------  ---

.,,...
A
,.
..

-----:l--y
i

I

I

t t
4

C5

!
I

1

1

1

I
>>>> j

1
1  > > > >

;

. 1c>>;
1

I
I
1
8

I-.-. !

:
I

1

I

I

i
1

1
t
i
I
t

#

1

1-. # 1

1

1

1

i
!
t

t
1
1
I - - - - - -

I
i  - - -

A
------  ------  ------  ------ ---

.
A
A...
A

.
*
.
A
A
.
A
,-.
A

G<<<<<<<<<<<<< <<<<<<<<<<<<<< <<<



>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>  *>*>P>P>>>>>>>>>>  >>>C

< <<  ( < < << < < < < << < < ( << <<<<<(<< < <<< {< < < < < < < <<<< {<<< << < <<< < 1< < ( ‘ ‘ <<<<

.>>>>>>>> > > > > > >>>>>>>>>>>>>>>>>>>>>>>>>>>  >>>>>>>>>>>>>>>>>>>>>>>>

I ---, 1  - - -! “--
1

I
I

I

,-----
!
:
[
I

-------

1
I

I

1

1
I
1

1

!
1

;

I

1

1

1

{
1

I
1
1

1

>>:
1

1

I
1
1

I
I

1

>>>>;
f

i

I  >>>>
I

1

\
>>C

t
I

I
- - -

I
- - - - - t---

A
0< <<<  < < < <<<<< ( < ‘ < ~<z< < < < < < < < < < , < < < < < < << < ( < < << < < < c ( < < ( < < < < ( < < , << < {<< < < << <<<< << < < :< < < <0

v

-------*.*
A
*
A
A
A
,..
.+
.
A
A
.
.
/.
.

437



<<(<<<[<<<<  < < < < < < < < < < <  < < < < < < < < < < <  < < < < < < < < < < <  < <<<<<<<<,,  < < < < < < < < , ’ .

> > > > > > 2 > > > > > > > > > > > > > > > > > > >  > > > > > > > > > > > > > > > > > > > > > > > > > >  > > > > > 2 - > > > > > > > >

1  - - - - - - - - - - ,  - - - ,  - - - ,  - - -

I

------ ------  ------  ------
1 i i

1

1

1

t
!

1

;

I

1

I
t

t
!  > > > >
1
I

I

1
1

I

1

1

I

1

I

8

:
I
I

>>>>:

I

8
1
I

1

I

●  > > >  !
I
1

8

1

I

1

i

r
1

!

1
1

I

t
$

1

1

!
t

1

!
I

11
t
i

t
i
[ -’

Lava  UVUGJWV CZG
- - - - - - -  - - - - - - -  - - - - - - -  - - -i - - - - - - - - - - - i --- i  --

.
A
A
A
A
.
*
A
A
A
,-.
.
,s
.

A..
A
C<<(<<<<

438



<<<<<<<<<<<  <<(<<<<<<<<  <<<<<<<<<:<  , < < < < < < < < < < <  < . < < < < , < < < <  ,  < ( < < < < < < <

>>>>>>>>>>>>>>  >>>>*>>>>>>>>> > >>>>>>>>>>>>>>>>>>>>>>>>>>>  >>>>>>>>>>

t i–

I t

1 1

1 1

:1
I
! 1

1 f
I

1
8

I
1

;
1 t

iI

i
I
1

1
t 1

1
i

1
i1

1

1>>>>!
I

( 1
I t
4 1
4 1
1 !
I 1
I 1

1
1

1
1

1
1

:,
1

;

i

1
./ I

e,
,, ,
z! :
al
WI/

i
1

1

1

I
I
I

1

t

1

1

i --

>>>>

A
*
*
*
A
.
0.

2
a
*
.
A
A
A
A
.
..
0 < < < < < < < < ’ < < < <  <<

, ---
i

!

I

1

[

I
1

!
I

1

I

I
I
1

!

I

I

1

I

>>>>  :

.

t

I

1
- -

I

i

t

1

1

1

1

i
r

I

i

1

/-

I

I

I

- -

A

.A
A
*

2.-.
a
A

2*
A
A
.
*

I

1 i

, I

1 1

I I
1

!
1

--~ i-

.
0<<<<<<<<<<<<  <<<:

>>



<<<<<<<<[<  < ’ < [ < < < < < <  < ’ < < ’ < < < < (  ( ’ < < < < < < < ,  ,  < , < < < , < < ’  < < .  , . .  . ( , <  , <<<<<

>>>>>>>>>>>>>>>>>>>>>>>>>>  >>>>>>>>>>>>>>>>>>>>>>>>>>  >>>>>>>>>>>>>>

-------  --- 1 - - -
I

------ --- ------  ------  ---
1

1

,

1

:
I

!
I
1

I
1
I

i

I

1

I

t
1

1

1

I

I

I
>>>>  I

i

1

I

i
1

t

I

!>>>>

!

I

1

1

i
>>>>1

t

!

:
I

1

1
1>>>> >>>

i

!

1 1

1

I

i
!

1
1

1

I

1
1

--

I1 ---------  ---, i  - - -
A

1  - - - - - - - - - - - - - - -
AA
A
A
/.
0.
A
.
A

A
A
A
,+
A
.-.
.
A,. .
0<<<(<<<.<<<<  <<<<<<<<<<:



<(.  <<<<(<,  .  <<<<<<<<{  ((<(<(<<<<  < < < < < < < < < <  <<<[<<(<<< < <<.,<<,,. ((<,<,

>>>>>>>>>>>>>>>>>>>>>>>>>>  *>>>>>>>>>>>>  >>>>>>>>>>>>>  >*>>>>>>>>>>>  >

1  - - - I  - - -
1 1 II

I
I I

1 !
I
,
I 1

1 1
I

!
1

!1

:1

i
1

1
1

I
I

:1
1

1

:!

I 1

1 1

[>>>>’
1

I 8

1

1

I - - -
II

1

1
1

:

:
t

i

1

i

t

1
r > > > >

1

I

I

I
1

(

1

I

1

:
{
,

.-----
1

t

I

1

1

1

1

1

I

1

1

I

1
1

1

1

>>;
I
1

!t
1

I

1

1
1

1

I

:

I

t

1

I
!

t

!

t

1

1

I

1-

1

1

:

i
I

1
I

I
I

I

I

I

[

1
1

1
I

N-t-*
1

!

1

- -
i
I .--:

A
A
.

I .---,.
A
A
A
.
A
.-.
*
A
*
A
A
A
A
A
A
A
.

*
A
*
,.
*
A
.
A
A
.
A
,.
.
.
A

.

c<’<
I

“
< <<<<<,<,,< =

441



<<<<<<<<<<<<<  <0
A
*
A
*
*
A
.
A
A..

>>>>>=->>>>>>  >> 2>>*\.

A. .------  ------ ---

V’JU
- - - - - - -  ---- A-- -

.
>>C

1  - -

1

I

!

1

i

;
I
I

I
I

:

I

>;

1

!

!

I
1

1

I

:

1

!

I

1

I

i  - -

>>>>

---

I

I

1

1

1
1
1

:
1

t

:

I

1

t

1

1

I

I

c1
2:
kil

!
:
1
I
I

- - -

442



(Entry: CSAR~
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1
I
I
1
I
1
1
I
I

:
i

i
I
Ic
Ic
Ic
Ic
Ic
Ic
1 c
I c
Ic
Ic
Ic
Ic
lc
Ic
lc
Ic
Ic

:
I
Ic
lc
Ic
1
1
I
I
1
I  - - - - - -

SUBnOOTINE Cl~(APl,  Tll,  A.n,  f[S, flV)
liltAl,*4 Flwl
(:ONFN)N  /coIL/  tlWl,  TCl, VCl .I’(;  l .CNWMI,  VIS1
DIMENLJIoN  C(2,6),T(2,6),P(4),  V(2,  6 )
OATA (( Cli, J).  J=l,6),  l =1,2)/6.241  K+ 01, -4.595  E-02,  -2. f136E-01

i .:1. 256E-on  ,4. 57gB11-04  ,5. 279L-04
2 ,4.261M+62, -I .007, -7.449, I .:IIJE-022,  1 .0471j-00,2 .621 E-02/

DATA (( T!l,  J), J=l,6),  l=l,2)/4.05fil?  +02,  1.:K17,  -2 .662,  -2.169  E-(XI
1,-4 .943 E-04,  I .4 S4E-92
2,412 .2, i .276, -2. n613,  -2.  lNMIE-03,  -:i.7@7E-@4,2  .8nOE-6)2/

DATA i’/l.237E-02,  0.2516,4.  039tl-O:!,  -4. OZ4K-O2/
I)ATA  ((v(I,  J ) ,  J=l,6),  l=! , 2 ) /  -o.44nn,  -9.344  E-04,0.015&T

I ,-5.219ft-06,5  .26nE-06,1  .506E-04
2 , - 0 . 6 0 1 9 ,  I  .793 E-03,-O.  159E-(XI  ,-.6. lE-06,9.067E-07,0  .522E-05/

TIIIS SUOnOUTII?l?  CUARACTEXllZk”  A C!rr O F  CRUDE  O I L  WITR IIFSPI!X7T i
TO  VAi’On  l’llFSSUnE. TIIE lNI’UT llF~UIRED  I S  A P I  CnAVITY  A N O  TNE  I
11011 .INIJ  POINT  A T  1 ATMOSi’HKllF;  . ‘rllli  OUTPUT  I S  A  SWITCN  N S
WIIERE  NS=I  kfsANS  IIOC  VAI”(NI  I’IIF,SSURE  E(lUATION C A N  nE  USED  D O W N  T O  ;
1 0  Mtl NC A N O  Nk?=2  NFANS  TIIF,  CI.AIIEYIION  I M I U A T I O N  SN(NJLD  DE USEO.  I

T i l l ?  VAl)On  PnFStNJRK  FQIIATION  IS:

t.ocio(m)  =  - A * ( I . - T N ) / I l l  -  EXi’(-20*(TN-n)**2)

WnFJIE IVI =  nimuckm  lwF*wnE, “ I I I  =  nEDUCEl)  ‘rEtiPEnATUNE ANI)
A  A N I )  N  AnE  NL711JnNlU}  IIY  1’111S  SIIIDW)UTINK.

API =  CnAVITY,  T n  =  DOILINt;  P O I N T  A T  1 ATMOSPNEIIE  I N  I)Ec F .
C A L C U L A T E  CnITICA1.  TEMI’EII,SPUIII?  ANn  FIOLli(XJl,An  WEICNT.

AP12=.~PI*APl
‘rlY2=TU*Tl~
CI!OSS =A P I WD

C A L C U L A T E  T N E  V I S C O S I T Y  Or Till!  CU T.

1,1

IF’(A1’1.CT.S3.  ) 1,2
VI SI=V(I, I)+ V(I.2)*TD+V  (I, XI* API+V(I  ,4)*cnoss+v(l  ,G)*TB2

Ii\rtl,  fi)XAl>12
CO Ti) ( 9 9 , 1 0 1 ) ,  N V

- - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

:
v
v

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1
1 9 9  1=1

Ic
I c
lC

lF(Tn.  GT.500.  ) I .2
MWI=(;( I, I)+C(I,2)*TII+C(I  ,3)*Ar1+(:(  l,4)*cnoss+c(i  ,5)*Tn2

I+(; (I ,fi)*A1112
Tci=’r(  i,i)+”r(  i,2)*’rl\+l’(1  ,:i)*Avl  +T(l,4)*cnoss+T  (i,3)*Tn2

1+1(1  ,6)*AP12
TCK=(TCI+439.  ) / i n

CA1.CUl,AIT!  IIIE Vlscosi”ry  n!’ “IIIE  (WT.

I
1

>>)>> >>>>> >>>)> >>>>0
v
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.c-

.b
--d

0< I W CONTINUE
l-----.---------------------------------------------------------------_----_;

v
v
v
v

----------------------------------------------------------------------------
I ,
1 NOEI.=0
I Nk’AST=O
I x=x!
1 XW=X+XP

933

90 I

900
i
i 902
1
I

902
:C
Ic
Ic

::
Ic

::
lc
1 -------

wnl TF. (Iou,9ml)
FoOtiAT(/, t x, ‘ courrr mm cum I N TnE  FOLLOWi  NC

I  T o  Nlclrr’,.’)
wnlm (Iou,93i  )
F(NIFIAT( IX, ‘TOE INITIAL MO1.FS IN IIIE SLICK AnE, “ )

WN1’rE (10U,900)  (Y(l), 1=1, NF~)
FoIIMAr( ll(lx, lPE1@. n))
WNITE (I OU,9S2)
FoO~lAT(/,  IX. STNE llVITIAL MASSFS tm TOE SLlcK AnE
WOITll (100,900) (YFiSAVE(  l), 1=1, N?xl)
WIIIIE  (I OU.902)

I
1

OUTPUT FNOM LEFT I
1
1
i
I

:
I
1
1

Fontih’p(  / )

CALCULATE DY/l)X AND SEP ITIE STEP SIZE TO APPROXIMATE
A 5% Cll,\NCE IN TNll MOST IIAPIDLY CNANCINC Y. WNEN TNIS
Y OI?.CREASFS BY A FALTo~ OF 20, HESH TOE STEP SIZE
ACCOIIDIWC  TO WI?, NEXT Y.
SONE Y’S WILL COANCE SO FAST TOAT TNIW W1l.L BE cONE
IN A FEW FIINOTNS. TUESF, AOR DELKTF,O OEFORE INTWXXIATION
STARTS ANIJ  NOTEI) ON TOE PNINTEN NFSU1.TS.

--------------------------------  ------------------------  ------------ 1
v
v

v ,.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .
I I

t199 NFAST=NFAST+l
.

:--------------------------------------------------------------------------:
A
.
A

; .
0< 0 .
v . ,.
v A A

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A .

: I ,.
IWO CALL FXY7.(X,  Y, K1, NFR)

.

I
I

N= O.05*Y(Nk’AST)/K! (NFAST)
. .

1 YOLD=  Y ( NFAsT )
. .

I
:

O= AOS(N)
. .

I
I A .

n~.11/2. 1
CO TO (001,090), IN

,. .
[>>)> >)>)> >>>) )>>)> >>>>> >>>>)0

:--------------------------------------------------------------------------l . ,.
v

v
,. . v

v ,.

v .

v .
- - - - - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .

: nOl IF(U.CT.  O.(4G) CO TO 006
.

;>>>>>>0 -
l--------------------------------------------------------------------------) v’-

V v“

.

.

.

.

.

.

.
,.
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v----------------- ------------- --------------------------- ---------------------

0>)>>>>>>>>>>>>>>>>>: I)C)91S  I= I,NW 1
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v
I

.

. v

. v

. v- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

. I
1 YM(  I )=Y(  I )* MWIJ(l  ) I

,. TNASS=THASS+  Ytl ( 1 ). : iYM(l)=YN(l)/YMSAVE(l) ‘. I ----------------------------------------------- I-----------------------------.
v

I
.
. v
A v
. v----------------------------------------------------------------------------
.
0( ; 9t0 CONTINUE I

j --------------------------------------- ------------------------------------
;

%
m

:

:---------------------------------------- -------------------- -----------------
I
I CONE. TMASS/TSAVE :WIIITE (10U,900)  (YH(I), I= I, NFQ)
: WIIITF,  (10U,922)  CONlt,Y(N6(ll) I
l - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - -

v
;

v’
v
v--------------------- ------------------------------------------------------

I
I NFXIJDN
I  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-----------------------------------------------------------------  -----------

: END 1
Il -------------------------------------------------------------------------- ,
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APPENDIX B

METHODS FOR MICROBIAL DEGRADATION STUDIES

14C-Hydrocarbon Mineralization Assay

Three 14C-labeled hydrocarbon substrates were utilized for the deter-

mination of hydrocarbon degradation potential, defined here as the percent

14C07 : 14mineralization to n(l- C) hexadecane (53.6 mCi/mmol , Amersham),

(1(4,5,8)- 14C) naphthalene (5 mCi/mmol,  Amersham), and (1(4,5,8)-
14

C) methyl-

naphthalene (5 mCi/mmol,  Bionuclear). Working

hexane or benzene as solvents to give 0.1 ~Ci/

and assa,yed weekly for radioactivity to insure

tions of substrates. Seawater aliquots (50 ml)

tanks and the incominq seawater were transferred

solutions were prepared with

pl activities, stored at 4°C,

consistency in the concentra-

from each of the experimental

to 100 ml sterile serum bot-

tles and spiked with 0.5 ~Ci of the
14
C-labeled hydrocarbons, one compound

per sample with each sample prepared in duplicate. Controls were killed with

1 ~M HgC~2 prior to spiking with the labeled compound.

The spiked seawater samples were capped with sleeve stoppers and

incubated in the dark for 24 hours at in situ temperatures in a seawater bath,.—
After the incubation period the stoppers were replaced with identical stoppers

fitted with a ~olypropylene  “center well” containing a 25-mm by 30-mm rectan-

gle of Whatman No. 1 filter paper folded into an accordian-pleated array and

wetted with 200 ~1 of lN NaOH. The samples were then acidified to pH 2.0 by

injection of 0.5 ml of 1 N H2S04 (through the sleeve stopper) with a hypoder-

mic syringe. After 2 hours the filter paper was transferred to a second 100

ml serum bottle containing 1 ml of lN H2S04 which was quickly capped with a

sleeve stopper fitted with a center well (as before) and a wick which had been
wetted with 200 ~1 of phenethylamine.

After 12-14 hours the phenethylamine wicks were transferred to a

scintillation vial containing 10 ml of Beta-Phase cocktail (West Chem Prod-

ucts) and assayed for radioactivity on a Beckman LS1OOC scintillation counter.
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The resulting counts for duplicates were averaged and corrected for the con-

trol counts prior to further data treatment. The data (in counts per minute)

were converted to pq/liter.day by the following equation.

~gl!?.day ‘ (CPM) 2 22%6 ,pJ(’”A:’)(m””) (w)(k)(&)(%)( .

where a counting efficiency of

in flCitfl mole, and M.U. is the

strate.

90% was utilized, SA is the specific activity

molecular weight of the particular labeled sub-

References: WATSON et al. (1971); CAPARELLO and LA ROCK (1975); WALKER and

COLWELL (1976); HODSON et al. (1977).

3
H-Thymidine Incorporation

Th.ymidine (methyl -3H) solutions were

New England Nuclear) in 7(I% aqueous ethanol

stored as supplied (20 Ci/mmol,

for maximum stability. Working

solutions were pre~ared by evaporating to dryness the appropriate volume under

a stream of dry filtered air and reconstituting with distilled water. These

solutions were stored at 4°C and checked weekly for radioactivity.

Duplicate seawater aliquots (10 ml) from each experimental aquarium

and the incoming seawater were spiked with 5nM of labeled thymidine and incu-

bated in the dark at in situ temperatures for 1 hour. Incubation uptake was.—
terminated by filtration through a 25-mm dia. type HA membrane (0.45 ~m nomi-

nal Pore size, hlillipore Corp.). After filtration the vacuum was stopped and

10 ml of ice-cold (< 5“C) filtered (sterile] seawater was added to cool the

filter. This was filtered through and the vacuum was stopped prior to addi-

tion of 15 ml ice-cold (< 5“C) 5% trichloroacetic acid (TCA) to extract the

soluble thymidine pools from the cells. Temperature control is critical dur-
inq the extraction as a temperature rise above 10”C for TCA will hydrolyse DNA

and allow incorporated label to solubilize and pass through the filter. After
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3 min. the vacuum was started and the filter was rinsed twice with --5 ml ice-

cold 5%, TCA, and then Placed in a scintillation vial . Ethyl acetate (1 ml)

was added to dissolve the filter; 10 ml of Beta-Phase cocktail was added and
the radioactivity was assayed by liquid scintillation spectrometry.

The resulting counts for duplicates were averaged and corrected for

Poisoned controls (1 ~M HgC12) and a counting efficiency of 35%. The data

were converted to nmoles/liter day of incorporation by the formula:

(1  dpm
n  moles/1.day =  (cprn)

0.35 cpm ) (‘c’ )(%)(l”::Y’)(%)(*)(+)2.22 X 1012 dpm

References: FUHRblAN  and AZAM (1980); FUHRMAN et al. (1980); FUHRMAN and AZAM

(in Dress, 1981)

3ti-Leucine and 3H-Glucose Uptake

The procedure for both substrates was identical except for the amino

acid Ieucine, in that a larqer sample was prepared such that an aliquot could

be saved and preserved for the autoradioqraphy procedure (details in this

section).

Working solutions of 3H-Leucine  (6O Ci/mmol, New England Nuclear)

were prepared by diluting an aliquot of the stock solution into distilled

water. The 3H-Glucose  solutions (30 Ci/mmol, New England Nuclear) were pre-

pared by evaporating an aliquot under a stream of dry, filtered air followed

by reconstitution in distilled water. All solutions were stored at 4°C and

assayed weekly for radioactivity to check stability.
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Each experimental aquarium and the incoming seawater was sampled in

duplicate and controls were killed with 1 M HgC123prior to addition of radio-

labeled substrate. To each sample (10 ml for H-Glucose; 15 ml for 3H-

Leucine) 50 pl (1.5 ~Ci) of ra4iolabeled  compound was added, followed by

incubation for 2 hr. in the dark at in situ temperature..—

The incubation was terminated by sample filtration through a I-1A mem-

brane (0.45 pm nominal pore size$ Millipore Corp.), followed by several

washes with filter-sterilized seawater to remove any nonincorporateci  label.

After filtration, each filter was placed in a scintillation vial, and 1 ml

Ethyl acetate added to dissolve the membrane. After approximately 10 min., 10

ml of Beta-Phase cocktail was added and the sample assayed for radioactivity

by liquid scintillation spectrometry. Duplicates were averaged and corrected

for control blanks, and the resultinq counts were converted to uptake in

nmoles/liter  day

n  nioles/L.~ay  =

w i t h  t h e  f o r m u l a :

(1 d p m
cpm)

0.35 cpm ) (
J’i )(s.A:’)(lO::,~’)(&)(fi)(*)
2.22 X 1012 dfm

where a countinq efficiency of 35% was utilized and S.A. is the specific activ-

ity (in Ci/mmol) for the labeled substrate.

References: AZAM and HOLM-HANSEN (1973); FUHRMAN et al . ( 1980).

EDifluorescence  Enumeration

Seawater samples (10-15 ml) from each experimental aquarium and the

incoming seawater were immediately preserved with 4% filter-sterilized forma-
lin (buffered with Na2B407), and the cellular DNA was stained to fluoresce

with Acridine orange (0.01%, 2 min.) prior to filtration. The Nucleopore

Polycarbonate filters were stained prior to use with Irgalan black (to

eliminate autofluorescence) and a type AA (0.8 ~m, Millipore)  membrane was
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used as a

filter was

fin oil.

steri 1 i zed

back filter to distribute the vacuum evenly. After filtration, the

mounted on a microscope slide with a cover slip affixed with paraf-

Blanks were prepared in a similar fashion except that filter-

seawater (GS, 0.2 ~m, blillioore  Corp.) was preserved and stained.

The slides were examined by epifluorescence  microscopy and counted in

a random fashion by grids. All counts for each grid were averaged (10 grids

per slide) for duplicate slides and the data converted to cells x 106/ml sea-
water.

References: HOBBIE et al. (1977); FUHRMAN and AZAM (1980).

Autoradioqraphy  Assay

The micro-autoradioqra~hic  technique provides for simu” taneous examin-

ation by ~hase contrast microscopy of bacterial cells stained with acridine

oranqe and labeled with developed silver grains. The method of pre~aration

provides for orientation of bacteria between the photographic emulsion and the

microscope objective to prevent visual interference by the silver grains.

The 5 ml aliquots from the 3H-leucine uptake assays (preserved with

4% formal in) were stained with sterile-filtered (3.01% acridine orange for 1

min., followed by filtration through a 0.2 ~m pore size nucleospore  membrane

(25 mm dia.). A type AA filter (fl.8 ~m, Millipore)  was used as a back filter

for even vacuum distribution. The filter was rinsed with sterile, filtered,

distilled water, and kellt damp for subsequent transfer of cells onto the sur-

face of a mounted gelatin-coated coverslip. (Details of the gelatin-coated

coverslip preparation are presented elsewhere - see References below).

Resulting autoradiograms were prepared in total darkness with Kodak

NTB2 Nuclear track emulsion coating, dried, and exposed at 4“C. After the

appropriate exposure time, the autoradiograms were developed, fixed and fur-

ther t)repared  as detailed elsewhere (see References below). Bacteria were
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counted”by  epi fluorescence microscopy and silver gain clusters were counted bY

transmitted phase contrast microscopy.

References: MEYER-REIL (1978); FUHRMAN and AZAM (in press, 1981).
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METHODS FOR HYDROCARBON ANALYSES AND PHOTOCHEMICAL/MICROBIAL

OXIDATION PRODUCT CHARACTERIZATION

Volatile Hydrocarbon Analyses

Volatile hydrocarbons are sampled from the air above the slick in the

evaporation/dissolution chamber (or the flow-through outdoor tanks in Alaska)

by vacuum-pumpinq measured volumes of air through 1/8 in. ID x 12 in. long

stainless tubes nacked with Tenax@ GC pol.~er. For each sample, two tubes are
connected in series with Swagelok fittings, and prior to and immediately after

sampling, all tubes are sealed with Swagelok endcaps and plugs. Sampling is

achieved by use of a Gast Mfg. Corp. vacuum pump attached to the Tenax@ traps

via flow regulators and flexible Teflon tubing. Air velocities above the

slick in the evaporation/dissolution chamber are measured with a Kurz air

velocity meter 4m above the oil/seawater interface.

Before each sample is obtained, the Tenax@ trap’s flow velocity is

checked with a bubble flow meter. Approximately 60 second samples are

generally obtained at flow rates ranging from 20 to 30 ml/min; thus, sample

volumes ranged from 20-30 ml.

Water samples for analysis of dissolved lower-molecular-weight

aliphatic and aromatic hydrocarbons are taken in Pierce septum-capped vials
for subsequent purqe and trap analysis by GC/MS techniques similar to those

developed by Bellar and Lichtenberg (1974) and others.

Following collection, the water sam~les are refrigerated (no preserva-

tives are added), and they are maintained at 3°C until analysis. Capped

stainless-steel Tenax@ traos are stored at ambient temperature until analysis.

The Tenax~ air samples are analyzed by heat resorption followed by

Flame Ionization Detector (FID) gas chromatography on a Hewlett Packard 57330A
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instrument or qas chromatography/mass spectrometry (GC/MS) using a Finnigan

4021 quadruple instrument. The heat resorption is accom~lished  by installing

the Tenax~ traps in a Tekmar liquid sample concentrator (LSC-2) interfaced to

the injection port system of either the FID GC or GC/MS (PAYNE et al., 1980h).

At the time of resorption (5 min. at 180”C at 20 ml/min He flow) the
gas chromatographic column (packed 6 ft. x 22 mm I.D. SP-1000) and oven are

cryogenically cooled to 30°C. Following resorption, the oven is programmed

rapidly (sCl”c/min)  ~0 If)o”c  and then from 100”C to 200”C at 10°C/min. The

final temperature of 2f10°C is held for the duration of the chromatographic
run. A GC column flow rate of 20 ml/min He is also used and the injector

tervtDerature is held at 200”C.

The effluent from the gas chromatography is then analyzed by FID on

the HP-GC or it is Dassed through a glass jet separator for enrichment and

then directly into the ion source of the GC/MS (operated in the electron

im~act-mode  at 300”C). Spectra are acquired by operating the ion source at

70eV from 35 to 300 amu in 1.95 sec. A hold time of 0.05 sec is used to allow
the electronics to stabilize before the next scan. The ion source is tuned

for maximum sensitivity with perfluorotributylamine and the ion fragments at

m/e 69 and m/e 219 are calibrated to give a 2.5:1 ratio; the electron multi-
-7

Plier is o~erated at 1600V with the Dreamplifler gain at 10 amps/vo?t.

GC/MS data acquisition is initiated at the moment of resorption. Typically,

900-1000 scans are acquired for each data file.

The water samples stored in Pierce vials are allowed to come to room

temperature and 5-ml aliquots are withdrawn and injected into the purge device

of the LSC-2. Before purging in mass spectrometry operations, 100 ng each Of
three internal standards, dichlorobutane (m/e 55), bromochloromethane  (m/e

130), and bromochloropropane (m/e 77) are added. This allows correction of

recovered values for matrix effects and corrects for differences in ionization

ootential, lens voltage, etc., among runs. Instrumental conditions are

identical to those described for Tenax~ column analysis.
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Before analyses with either instrument, response factors are deter-.
mined for 10-~2 tarqet aliphatic  and aromatic compounds of interest by spiking

several known mixed standards into salt water blanks which are then analyzed

as sam~les (PAYNE et al., 1980b).

Higher Molecular Weight Petroleum Hydrocarbon Analyses

Water sediment and oil/mousse samples are analyzed by procedures

which basically involve: 1) extraction, 2) fractionation into aliphatic,

aromatic and polar constituents by liquid/solid (Si02) column chromatography

and analysis by FID ca~illary gas chromatography and capillary gas

chromatography/mass spectrometry. Specific details with regard to these

analytical Procedures (including instrument calibrations, sensitivity, data

reduction, etc.) are presented in Appendix C to this report (Methods Section,

Page 4 of “Chemical Weathering of Petroleum Hydrocarbons in Sub-Artic  Sedi-

ments : Results of Chemical Analyses of Naturally Weathered Sediment Plots

SDiked with Fresh and Artificially Weathered Cook Inlet Crude Oil”).

Water samples from the flow-through seawater systems are collected in

20-liter carboys and PH was adjusted to 2.0. Three hundred-fifty ml of meth-

ylene chloride is t~en added to each carboy (approximately 200 ml of methylene

chloride. goes into solution on the first addition) and the mixture is stirred

vigorously for 3 minutes. The methylene  chloride is removed by pressurizing

the carboys with N2 and forcing the methylene chloride through a stainless

steel syphon tube into a separator funnel. This procedure is repeated two
more times. The methylene chloride extract is concentrated to 100 ml in K-D

concentrators and then passed through sodium sulfate to remove the residual
water. The anhydrous meth,ylene  chloride extract is then concentrated to 2 ml

and solvent-exchanged to hexane. The concentrate is then fractionated on

silica qel using the three fraction schemes described  in Appendix C, page 4 of

“Chemical Weathering of Petroleum Hydrocarbons in Sub-Artic  Sediments: Re-

sults of Chemical Analyses of Naturally Weathered Sediment Parts Spiked with

Fresh and Artificially Weathered cook Inlet Crude Oil”.
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APPENDIX C

CHEMICAL WEATHERING OF PETROLEUM HYDROCARBONS

IN SUB-ARCTIC SEDIMENTS: RESULTS OF CHEMICAL
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OBJECTIVES

The primary goal of this

and chemical impact of fresh and

program was to examine the biological

weathered crude oil after its incor-

poration into sub-arctic sedimentary regimes. The experiments that were

used in this program were designed by Dr. Robert Griffith and his col-

leagues at Oregon State University to study one-year time series changes

in biological productivity, recruitment and recolonization as a function

of the chemical composition of the oil within the sedimentary study

plots e

ln an effort to assist Dr. Griffith in this program, the Envi-

ronmental Chemistry and Geochemistry Division of Science Applicationsa

Inc. (SAI) undertook detailed chemical analyses of the sediment samples

used in these experiments.

centrations) were determined

Specifically,

in control and

which had been spiked with three

weathered Cook Inlet Crude Oil.

the initial spiking, and second,

hydrocarbon profiles (non-

experimental sedimentary plots

different levels of fresh and artificially

These sediments were examined: first , after

after one year of natural weathering in the

sedimentary regime at Kasitsna Bay, Alaska. Additional studies were also

undertaken in Sadie Cove, Alaska, where oiled sediments were spiked with

Chiton and starch before deployment into the field, to determine if biotic

weathering processes were controlled by limited nutrient concentrations.

Results of the hydrocarbon analyses from these experiments are

presented in this section.
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IMPLICATIONS FOR OFF-SHORE OIL AND GAS DEVELOPMENT

Many investigators have long suspected that spilled oil on the

water surface or in the water column does not constitute as great an

environmental threat as oil which has been incorporated into sedimentary

regimes. ironically, in the case of most major oil spills and labora-

tory studies, the sediments have been found to be the ultimate reposi-

tory or sink for the bulk of the higher molecular weight components in

the released oil (Jordan and Payne9 1980, D’Oxouville et al., 1979;

Meyers, 1978; Mayo et al., 1978; Gearing et al., 1979; Winters 1978;

Meyers and Quinn 1973; Zurcher and Thuer 1978; Bassin and lchiye 1977).

Once incorporated into the sediments, many of the unweathered toxic

components of oil are retained unaltered for extended periods (Teal et

al., 1978; Mayo et al., 1978) causing a variety of long term pertibations

to plantss organisms and the physical (areobic VS. an aerobic) nature of the

sediment itself. If contaminant concentrations reach high enough levels,

the biological productivity of an entire area may be completely destroyed

immediately after the spill impact, and residual toxic levels may prevent

recolonization of native species for a number of years (American Institute

of Biological Sciences, 1978). This is a significant problem in areas of

high productivity or in sedimentary regimes critical to the survival of

juvenile species. Alternately, competing species with different degrees

of tolerance to oil could opportunistically recolonize an area, thus fur-

ther altering the biological balance at the spill site for years.
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In these experiments, we attempted to determine the levels or

concentrations of oil in sub-Arctic sediments that could cause limited

recovery or long term damage to an area. We also sought to determine

concentrations and conditions under which specific compounds in the

complex hydrocarbon mixture are selectively removed due to biotic and

abiotic processes after incorporation of oi”l into the sediments. The

results of these studies indicate that spiked levels of oil approaching

50 parts per thousand (ppt) (total oil wtfwt) cause extensive and sig-

nificant long term damage to sub-Arctic sediments$ and that little or no

significant additional weathering (removal of toxic components) occurs

at least up to one year following initial exposure. This was observed

when both fresh

the sedimentary

served at the 1

and artificially weathered crude oils were spiked into

matrix at the 50 ppt level. Similar trends were ob-

ppt level, but some evidence of selective lower molecu-

lar weight hydrocarbon degradation after one year was found. The

experimental results also suggest that at levels of oil approaching 50

ppt, the biotic utilization of specific hydrocarbon components

inhibited by limited nutrient levels but rather by the toxicity

oil itself.

is not

of the

A recommendation which can be drawn from these results is that

in oil spill prevention, mitigation, and clean-up efforts, every attempt

should be made to prevent oil from reaching sub-Arctic

titularly inlow energy nearshore subtidal regimes where

productivity is observed.

sediments par-

high biological
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METHODS

Techniques for artificially weathering Cook Inlet Crude Oil and

subsequent spiking, homogenization, and deployment of sediment into the

experimental trays for in situ weathering are described elsewhere.

Subsamples  of the spiked and control sediments from the experimental

trays were frozen at the initiation of the

one year in the field. All frozen sediment

experiment and again after

samples were shipped on ice

to SAI’S Trace Environmental Chemistry Laboratory in one lot on 17

October 1980, where they were subsequently stored at -4°C until analyses

were begun.

Extraction

Each sediment sample was extracted using a

cedure which is similar to that described by Payne

Brown et al. (1980) and which has been shown to yield

to Soxhlet extraction (MacLeod and

1979). Briefly, the thawed sediment

shaker-table pro-

et al. (1978] and

comparable results

Fischer, 1980; and

was placed in tared

Payne et ale,

500 ml Teflon

jars and a wet weight was determined. Approximately 50 ml of methanol

was added to the sediment for water removal, and the jars were sealed

and agitated on a shaker table for 15 minutes. The jars were then

centrifuged at 3000 rpm for 20 minutes at room temperature and the

supernatant was decanted off and saved, and the drying procedure was

repeated. After the second drying step, 150 ml of methylene chloride

(CH2C12) and methanol (65:35 v/v) were added to the jars and agitation
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was continued for 12 hours. The samples were centrifuged, the super-

natant saved, and the procedure was repeated with the agitazion ~c-

curring for a period of 6 hours. The methanol-water washes and c~,e

methanol-methylene chloride extracts were combined in a separator

funnel and back extracted with 400-500 ml of saturated sodium chloride

in distilled water which had been previously extracted with hexane. mle

lower layer (CH2C12) was removed and the water phase was back extracted

with three additional 100 ml aliquots of CH2C12. The combined CH2C1..,~

extracts were concentrated to approximately 100 ml using a Kuderna-

Danish (K-D) apparatus, and dried by passage through a column of sodium

sulfate followed by additional elution

was concentrated to about 10 ml using

changed (3x) into hexane, followed by

preparation for column chromatography.

Liquid Column Chromatography

‘ith CH2C12* The dried extract

a K-D apparatus arid solvent ex-

solvent reduction to 1-2 ml in

To fractionate the sediment extracts, a three-part fractiona-

tion scheme was employed to separate the aliphatic, aromatic, and polar

compounds (Payne, et al., 1980). A 10 mm I.D. x 23 cm long column with

a 16 ml pore volume was packed with 1.5 cm of activated copper at the

base of the colwn (to remove elemental sulfur), followed by a hexane

slurry of 60/200-uiesh silica gel that had been cleaned with CH2C12 and

activated at 210°C for 24 hours. The elution scheme was as follows:
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Fraction/Solvent Amount Compound Class

1. Hexane 30 ml Aliphatic hydrocarbons

2. Hexane:Benzene 50:50 45 ml Aromatic hydrocarbons

3. 50% CH3*H ‘n CH2C12
60 ml Polar compounds

Gas Chromatographic  Analysis

All gas chrmatographic results were obtained on a Hewlett-

Packard 5840A gas chromatography equipped with an 18835A glass capillary

inlet system and flame ionization detector. The microprocessor-based

instrument was interfaced to a Texas Instruments Silent 700 ASR data

terminal equipped with casette tape drive, allowing permanent storage of

calibration data, retention times, and peak areas required for the data

reduction system.

A 30-meter J&W Scientific Co. SE-54 wall-coated open tubular

fused silica capillary column was utilized for the desired cl-tromatog-

raphic separations. Temperature programming used with this column

included:

Initial Temperature 50°C for 5 minutes

Program Rate 3.5°C/min

Final Temperature 275° for 60 minutes

The injection port and detector were maintained at 280° and

350°C, respectively. All injections were made in the splitless mode of

operation with an injection port backflush 1 minute into the run.
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Constant injection volumes of 1.0 U1 were analyzed automat-

ically using a Hewlett-Packard model 7671A Automatic Liquid Sampler,

increasing precision substantially relative to manual injeccion.

Gas Chromatogram  Data Reduction

Hydrocarbon concentrations for individual resolved peaks in

each gas chromatogram were calculated on a DEC-10 System Computer using

the formula given in equation 1. This particular example is of the

program used for seawater analysis. Operator-controlled modification of

the DEC-10 program allows similar data reduction on sediments, tissues,

or individual oil (mousse) samples.

l~g compound X/L seawater = (A ) x (R.F.) x
x

[

P.I.V. + 2. Pre-C.S. Vol. 100 100 1
Inj.S.Vol. Post-c.s.vol. *%?JSL on LC

x %DW/FW x liters 1 (1)
where:

Ax

Inj.S.Vol. =

the area of peak X as integrated by the gas chromat-
ography (in arbitrary GC area units)

the response factor (in units of ~g/GC area unit)

the post-injection volume (in pl) from which
aliquot had been removed for analysis by GC
ured by syringe immediately following

a  l-pl

(meas-

sample
injection)

the volume of sample
1.0 U1 as measured
Sampler)
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Pre-C.S.Vol.  & =
Post-c.s. vol.

%NSL on LC =

%DW/PW =

liters =

the total solvent volumes before and after an
aliquot is removed for gravimetric analysis on a
Cahn electrobalance

the percent of sample non-saponifiable lipid used
for Si02 column chromatography

the percent dry weight of wet weight in the sediment
tissue, or oil sample being analyzed

liters of seawater initially
weight of oil or sediment).-

During analysis of the extracts, the

was recalibrated after every 8 to 10 fnjectionsa

extracted (or grams wet

5840A gas chromatography

and individual response

factors were calculated for all detected even and odd n-alkanes between

nCs and nC 32” Concentrations of other components (e.g., branched and

cyclic) that eluted between the major n-alkanes were calculated by

linear interpolation of the adjacent n-alkane response factors and the

unknown compound peak’s KOVAT index. By incorporating the post-

injection volume (PIV) into the calculation, the amount of hydrocarbons

measured in the injected sample were converted to the total hydrocarbon

concentration in the sample.

Unresolved

by planimetry;  the

complex mixtures

planimeter area

(UCM’S) were measured in triplicate

was converted to the gas chromato-

graph’s standard area units at a given attenuation and then quantitated

using the average response factors of all the n-alkanes occurring within

the range of the UCM, as shown in equation 2.
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=+~ ~ (co~fe F) ~ ‘“ ‘tt’ ~ (~:~ .a_b)x [...] ,’2>
P Ref. Att.

w h e r e :

Area =

Conv. F. =

S. Avt. and .
Ref. Att.

R.F.a ~ =

[***I

UCM area in arbitrary planimeter  units$

a factor for converting arbitrary planimeter units
to GC area units at a specific W attenuation,

the GC attenuation at which the sample chromatogran
was run and the reference attenuation to determine
the conversion factor (Conv. F.), respectively,

the mean response factor for all sequential
n-alkanes (with carbon numbers a to b) whose reten-
Cion times fall within the retention time window of
the UCM, and

the same parameters enclosed in brackets

Confirmation of KOVAT index assignment to n-alkanes

computer correlation with n-alkane standard retention times

data-reduction-operator input.

in equation

was done by

and direct

Assignment of a KOVAT index to each branched or cyclic compound

eluting between the n-alkanes was done by interpolation using the

unknown compound and adjacent n-alkane retention times. Assignment of

KOVAT indices to peaks in the aromatic fraction was made by direct

correlation of unknown peaks with retention times from the n-alkane and

aromatic standard runs completed prior to sample injection (Payne9 et

al., 1978b).
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Capillary Gas Chromatography Mass Spectrometry

Selected extractable organic compounds previously analyzed by

fused silica capillary column-FID GC were also subjected to fused silica

capillary gas chromatography/mass spectrometry (GC/MS). A 30-meter J&W

Scientific Co. SE-54 capillary column (0.25-mm I.D. with a film thick-

ness of 25 pm was used to achieve chromatographic  separation in a

Finnigan 4021 quadruple mass spectrometer. The capillary system was

operated in the splitless (Grob-type) mode. The static time upon injec-

tion was 0.8 min$ after which time the injection port was backflushed

with the split and septum sweep flows at a combined rate of 35 ml/min.

Linear velocity was set at 35 cm/see, which gave a flow rate of 1.18

ml/min. The GC was programmed to remain isothermal at 30°C for 1.5 min

following injection, elevated at 4°C/min from 30 to 160°, and 8°C/min

from 160-275°, after which the oven was held isothermally at 275°C for

approximately 20 minutes.

The flexible fused silica column was routed directly into

the ion source of the mass spectrometer, which was operated in the

electron impact mode at 70eV with the lens potentials optimized for

maximum ion transmission. The quadruple offset and offset programs

were adjusted to yield a fragmentation ratio for perfluorotributylamine

m/e 69-to-219 of 4:1. This tuning yields quadruple

spectra that are comparable to magnetic sector electron

electron impact

impact spectra,

thereby allowing optimal matches in the computer

the INCOS data system that scans the quadruple
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0.95 sec. A hold time of 0.05 sec between scans allows the electronics

to stabilize prior to the next scan. The mass spectrometer was tuned at

the beginning of each day using perfluorotributylamine. A calibration

was accomplished with a routine diagostic fit of 2% mass accuracy.

Prior to analysis of samples, standard mixtures of n-alkanes, pristane~

phytane, and mixed aromatic hydrocarbons were injected.

RESULTS AND DISCUSSION

Time Zero Samples

Figure 1 presents the FID capillary gas chromatograms obtained

on the control sediment samples taken

of the spiked sediment experiments.

from Kasitsna Bay at the beginning

The most characteristic feature in

the aliphatic fraction chromatogram,  A, is the predominance of odd

numbered n-alkanes in the molecular weight range of nC21 to nC29, (RT

56.53; 62.12; 67.03; 71.93; 78.77) reflecting biogenic input. The

sample also contains very low levels of nC17 and pristane (RT 44.55;

44.75) and nC18 atid phytane (RT 47.40; 47.83). The three major com-

ponents at retention times 31.21, 35.77 and 43.08 are internal spikes

and a GC recovery standard (triisopropylbenzene, 31.21; n-decylcyclo-

hexane, 43.08; and hexamethylbenzene,  35.77, respectively). There is no

apparent evidence of any petroleum contamination and there appears to be

a small cluster of branched and unsaturated biogenic hydrocarbons be-

‘Ween “20 and “21” The aromatic fraction chromatogram, B, from this
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Figure 1. Flame Ionization Detector capillary gas chromatograms  of: A, the
aliphatic  fraction; B, the aromatic fraction and C, the polar frac-
tion extracts obtained from time zero control sediment samples from

Kasitsna Bay.
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sample shows very little contamination of any kind, with only sub-

nanogram per gram-dry-weight components present. The polar fraction

chromatogram, C, does show evidence of several polar materials which are

currently underoing analysis by GC/MS. From GC/MS analyses of similar

sediment samples, the identities of these peaks are suspected to be long

chain fatty acid esters of biogenic origin.

Tables 1 and 2 present the reduced quantitative data obtained

from the capillary FID gas chromatographic  runs of these and all the

other sediment samples analyzed as part of this program. The data in

Tables 1 and 2 illustrate several interesting quantitative aspects which

should be considered when interpreting the results. First, the back-

ground levels of hydrocarbons in the control samples from Kasitsna Bay

at times zero and one year were both extremely low. In neither case was

an Unresolved Complex Mixture (UCM) present$ and the highest hydrocarbon

concentration in these two samples was only six micrograms per gram dry

weight. The odd co even n-alkane ratios for these samples (1 and 625)

were high, ranging from 5.2 to 7.9$ reflecting predominance of the odd

n-alkanes of biogenic origin.

Figures 2 and 3 present gas chromatograms of the hexane and

benzene fractions from the fresh Cook Inlet crude oil and the artifi-

cially weathered Cook Inlet crude oil used to spike the sediment

samples, respectively. Figure 2A clearly shows a high degree of com-

plexity in the lower molecular weight range from nC8 through n~
12’
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“rahl~ 1. Red~lced Aliphat Lc Hydrocarbon Data Derived frOnT Flnnle 10ni7. al iOn
I]e{ector capillary GC Analyses

Sediment  Sample
1

mu l i m e  i n To ta l To ta l z X e v e n X odd p~tjtaflP-!_ph~la!e  -qdg_afk
lil  No

PL! 1! phy @ n-alk i~leld R@solved {lCM* n-alkanes n-alkones n-alkane~ n ~lkanp; Pvell aF -——
(year5) ‘cl? “18 Phyt hra”~h~~

u9/9 ug/g u9/9 ug/g u9/9 4
KA$ITSNA  BAY  CONTROt 1 (J 5.89 0, 2.76 0.449 2.3i o 0157 5,15 o.75g 0. 4-- o.im3

I
KASII;NA  RAY CONTROL 675 I 1.?2 o. 0.533 0.06 n 473 n 7.7!6 n o. (J, O. 776

[RFVI  CR(i7)[ S P I K E  5 0 p p t  5 0 2EM0. 4090. 1460. 74?. 72’2, El 0749 0.973 0.681 0.343 ?.63 1 nfi

[Rl$)l CRLIDE  SPIKE lppt 4 0 8 3 . 3 154. S2.8 ?fl  2 78.6 0 0L5 1.18 0 . 6 3 0 0.411 2,18 0.690

rRE$ll  CRUOE S P I K E  O.l@ 3 0 11.3 12.8 5.03 2.11 2.Q? n 5% 1.39 0.601 0.380 2.40 0.803

WI ATN(REO  CRUt3E  SPIKf  5 ( 7  1 4 0 1530. 3020. 945. 460. 485. 0 iwt 1.n6 o.7?i 0.326 2.15 i.62

WFArilERED CRIIOE SPi KE I 17 0 62.2 136. 40.3 19.3 21.0 n m71 1.n9 0.645 0.371 2.27 1.JJ4

FREYI CRIIOE SPIKE 50ppt 6?R IR 2430. 174n. 1080. 560. 515. n,rmfil n921 O. 761 0.354 2.63 0.796

FRESII  CRUE)E SPIKE 50ppt 629 iR 2700. 377n. 125n. 645. 605. (1 fl?qq 0.934 0. 7FJ0 O. 3Fi6 2.43 0.860

FR(SI{  CRUOE SPIKE 50ppt 630 lR 2060. 3010. 95(-I . dw. 458, (1 nm7 O.q?? 0.708 0.357 2.41 0. 86?

rRESN CRUDE SPIKE 1 ppt 631 I 21.3 ‘38.1 10.9 4.89 6,04 n Iftfl 1,?4 1.?8 0.709 2.40 1.n6

FRESII CRUDE SPi KE O.lppt 634 1 3.29 13.1 1.09 0.179 0.917 n n77n 5 IFI n.8oo 0. 3-- 0.496

NFAINEREO CRUOE SPIKE 50 637 I 1530. 3710. 949. 449. 499, n.ln9 1.11 0. 9?6 0.463 2.40 1.64

lIl[AlliERELT  CRIJOE SPIKE 1 640 i 14.3 319. 2.81 0. 2.111 0 2-- 0. 0. 0. n.243

SAOi E COVE. CONTROL 206 0 - 26.1 0. 10.7 1.37 9.33 0 6.FII 0. 0. 0. 0.773
SAOIE COVE OIL & STARCN 782 1 3760. 52(Jo. 1605. 837. 768. o.n7t 0.917 0.762 0.391 2.55 0.743

SAOIE COVE OIL 779 I 4730. 6100. 1920. 98.3. 932. n o r m 0.948 0.880 0,420 2.75 0.6EII

SADIE COVE OIL & CUITIN 780 1 4700. 6670. 1986. 10?0. 9673. 0 mm ‘ 0.951 0.626 0.345 2.14 0.732

COyK~NLQCRUDE OIL

rRE$ll N.A. Ei4mrJ 77600 33000 18300 14700 n.n703 o. rio4 0.673 0.331 2.41 0.648

WFAIIIERED N.A, 38700, 54500. 24500. l16no. 1290n. IT, n9W 1.17 0.654 0.380 2.23 1.73

*UCM : IJnresolved  Complex  Hfxtu~p
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Table 2. [{educed Aromatic Hydrocarbon Data Derived from Flame Ionization Detector
Capillary GC Analyses.

SedlEWU ,hqle WI IIIW In 101.31 Iotdl NdlJhLNd  t (’w 7 lklhyl- 1 Methyl- Btpllt.  nyl 2,6 l, I,, Iethyl I 1 unrene Qhmdn-  Anthracene 1 Ne[hYl-
10 No flcld ke501ved I)cu  * ndphthalene lmpht ha 1 erle

f Iuorahthene Pyrenendphthalene t hrene
(Years) .<li[l Uglq (1185)’” (1295) (1313) (13UI) (1404) (15861 (1786)

phenanthrene

KASIIW4  NAT LONIROt I o 3.08 0. nd WI nd nd nd nd 0.0/62  nd nd nd 0.0392

KA51TSNA  UA~ LlJ1411tOL 625 I I.?l?  0. nd nd nd nd nd nd nd nd nd nd nd

[Rf SH LRUDF  SPIKl  5@Pt 5 A 1460 1740 58 0 131 94,  V 16. Z b5 4 32.5 56.6 nd 18.0 nd nd

lRLYf  CkuD[  5PIK[ Iflut 4 0 12. / 22.3 (1 ib~ 0 9 6 0 u  5/0 o  (J41N O  4b9 o  120 0,190 nd (1 ObMl nd nd

lNt>H LHULM WIKf O  ]Pflt 3 0 0 . 0 2 8 9 0.WY3 o. (30025 0 . 0 0 0 6 4 0 . [ ) 0 0 3 / 0,1 0  (3032 nd 0.uu032 n d nd 0.01321 0.0!3012

UfAIHtRCO C,RUOf  SPILf  50 14 0 110 824. nd 5.59 4.11 nd 11.1 4.oEt 8.65 nd nd 1,47 nd

uEAIHIHIo  tRuOf  5F’IKE 1 12 0 10.7 40,62 0.152 0.513 0.334 nd 0.467 0.150 0.255 nd nd nd 0 . 0 3 1 6

tRESH CRUOf  iPIKE  50PPt 628 1 46’3. 1235, 15.3 39.6 23, J 1.48 19.2 4.84 6.7 nd 2.48 1.00 nd

FRE5H CRUO[  $PIKE  5Ew 629 1 428. 8u0 13,3 35,2 21.0 1.17 11.9 4,27 5,90 nd 2.40 0.840 nd

Fltf5H  CRUOE  5PIK[ 5C3ppt 630 1 3MJ 2020. 9.75 30.4 18.6 nd 17.5 4.4.! 7.15 nd 2,95 nd nd

FR[SH  CRUOE  SPIA2 Ippt 631 I 9.33 29. ) 0.163 0.517 (7.433 0.0311 0 383 0,107 0,129 nd 0.0621 nd nd

flCESH  CRUCX  WIKL O.lppt 634 1 2.23 3.9LI nd 0.0251 nd nd 0.0321 nd 0.0307 nd r) d nd 0.0185

HEAII{EREU CRUUE  SPIKE  5 0 637 I 288, 901. nd 5 . 1 9 4.07 nd 9 . 5 8 3.71 6.80 nd nd nd nd

uIAIHEREO  CRUO[  S P I K E  1 640 1 12.28 51.84 0 u429 0.?43 0.134 0.0234 0 . 4 2 0 0.195 0.131 nd 0.116 0.032 0 . 0 2 9 7

SAOIE CGJ( CONIROL 206 0 2.92 0 ,, d nd nd nd nd nd 0 . 1 0 2 5 8  n d nd 0 , 0 2 8 0 3 0 . 2 1 0 7 3

5AOIE COW  O I L  & SIARJ,tl 782 I )81. 2010. 22  7 !!I.  o 29.5 1.21 ?2.2 4 . 5 0 H.37 nd 2.64 nd nd

SAOIE COVE O I L 779 1 B72. 2440. 32.6 75 0 43,2 nd 32.3 6.27 10.2 nd 5.71 2.04 nd

5MJIE  C O V E  OIL b C H I T I N 780 1 1010, 1660. 33.8 77,8 45.1 1.f30 31.0 6,24 9 . 9 9 nd 6 . 6 6 nd nd

CMK I N L E T  CRUO[ O I L

FRESH N,A. 3471XI. 41600. 484. Illo. 644. nd 540. nd 190. nd nd nd nd

mr,4TNrm[o 14A. 15400 31400. Ild nd nd nd 223. 102. 235. nd nd nd nd

. Unresolved complex mixture.
●  * Kovdt i n d i c e s  i n  p a r e n t h e s e s ,
nd = not  detected,
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1 C-2 ~enzenes
2 C-3 3enzenes
3 ;-l 3enzenes
J ~~p~thalene
5 tiecnyi Vaomh.

5 3imethyl  ‘Iaohtn.
~ Trimethyl  Naohth.
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Figure 21 Flame Ionization Detector capillary gas chromatograms of: A, the
aliphatic fraction, and B, the aromatic fraction extracts c>btained
on the fresh Cook Inlet Crude Oil used to spike the Kasitsna Bay
sediment samples.
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Figure 3. Flame Ionization Detector capillary gas chromatograms of: A, the

aliphatic fraction, and B, the aromatic fraction extracts obtained
from the Artificially Weathered Cook Inlet Crude Oil used to spike
the Kasitsna Bay sediment samples.
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although the aliphatic fraction is characterized in general, by n-

alkanes from nC * through nC32. The aromatic fraction shows a number of

lower molecular weight aromatic compounds in the range of KOVAT index

800 to KOVAT index 1500 (RT 10.09 to 35.79). These compounds were

identified by GC/MS as alkyl substituted benzenes such as xylenes,

ethylbenzene, trimethylbenzene and propylbenzenes. The large peak at RT

35.79 is the GC internal standard hexamethylbenzene. Also in this

sample are peaks identified as napthalene (RT 24.64}, 2-methylnapthalene

(RT 29.38), l-methylnapthalene (RT

33.87), and several low level alkyl

by the data in Table 2.

30.11), 2,6-dimethylnapthalene (RT

substituted phenanthrenes,  as shown

Figure 3 shows the gas chromatograms of artificially weathered

crude oil used to spike the sediment samples. Clearly the aliphatic

fraction, Figure 3A, shows loss of the lower molecular weight n-alkanes

below nC13; however, the higher molecular weight materials are present

at approximately the same ratios as in

illustrated by the consistency in the

the starting crude oil. This iS

pristane/phytane, pristane/nC17,

and phytane/nC18 ratios for the fresh and weathered

by the data in Table 1. The aromatic fraction

weathered crude shows nearly complete dimunition of

crude oils, as shown

of the artificially

the lower molecular

weight hydrocarbons below dimethylnapthalene; however, there still are

several higher molecular weight polynuclears present. These are

primarily phenanthrene at RT 47.34 (KOVAT 1790), l-methylphenanthrene at

RT 51.97 (KOVAT 1933), and fluorantheneat RT 55.45 (KOVAT 2070). Higher
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molecular weight compounds such as benz(a)anthracene, benzo(e)pyrene,

benzo(a)pyrene and perylene are not apparently present in either the

starting or weathered Cook Inlet crude oil to an appreciable degree.

Figure 4 shows the gas

and polar fractions obtained on

chromatograms of the aliphatic,  aromatic

the Kasitsna Bay time zero sample spiked

with fresh crude oil at 1.0 ppt. The chromatograms  obtained on the

sediments spiked at 50 ppt were essentially identical in appearance to

those in Figure 4, and thus the heavier spiked sample’s chromatograms

are not shown here. Further, the concentrations of crude oil in the 50

ppt samples were at such a high level that only approximately 2% of the

extractable materials could be effectively applied to the liquid

chromatography columns for separation into aliphatic, aromatic and polar

fractions. This allowed accurate quantitation of the materials but did

not figuratively show the presence of the lower molecular weight com-

pounds to the same degree as the lower level spiked samples where the

entire sample could be fractionated and analyzed without prior dilution.

With regard to the chromatograms in Figure 4, the aliphatic

fraction, A, is nearly identical to the aliphatic fractionof the start-

ing fresh Cook Inlet Crude oil shown in Figure 2. This is reflected

qualitatively in the chromatograms presented in the figures and also

quantitatively by the pristane/phytane, pristane/nC17 and phytane/nC18

ratio data presented in Table 1.
‘he ‘Uite ‘f “20-nc21 branched/unsat-

urated compounds in the background control sample are completely masked

in the spiked sediment samples. The aromatic fractions of the spiked
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17 4 WiDhthalene

Figure 4. Flame Ionization Detector capillary gas chromatograms  of: A, the
aliphatic  fraction, B, the aromatic fraction, and C, the polar frac-
tion extracts obtained from time zero Kasitsna Bay sediment samples
which had been spiked with fresh Cook Inlet Crude Oil at 1 ppt.
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sample show many of the same aromatic compounds in the napthalene (KOVAT

1185) to pyrene (KOVAT 2124) range and the alkyl-substituted aromatic

compounds at KOVAT indices 800 to1012 as in the starting crude oil. The

polar fraction of the fresh spiked sediment at time zero shows many of

the same biogenic compounds as in the Kasitsna Bay control sediment. This

is particularly true of the compounds between retention times 46.99 and

68.40. These compounds are present at a greater apparent concentration

in the spiked sediment sample; however, examination of reduced chromato-

graphic data output shows that this primarily reflects a smaller final

sample extract volume resulting in more material being loaded on the

fused silica capillary column.

Figure 5 presents the capillary chromatograms  obtained on the

time zero sediment samples spiked with artificially weathered crude oil,

The chromatograms are qualitatively very similar to those shown in

Figure 3 which presented the weathered Cook inlet crude used to spike

the sediment samples. Aliphatics are virtually absent below nC13 as are

aromatic compounds with KOVAT indices below 1300. A number of higher

&olecular weight polynuclear aromatic compounds can be identified in the

weathered crude, and these are 2-methylnaphthalene at 29.38, l-methyl-

napthalene at 30.11, 2,6-dimethylnapthalene at 33.88, fluorene at 40.61,

phenanthrene at 47.41, l-methylphenanthrene  at 51.85 and fluoranthene at

55*45. There appear to “be no polynuclear  aromatic hydrocarbons with

molecular weights greater than chrysene in the time zero artificially

weathered sediment sample.
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Figure 5. Flame Ionization Detector capillary gas chromatograms of: A, the
aliphatic fraction and B, the aromatic fraction extracts obtained
from time zero Kasitsna Bay sediment samples spiked with Artificially
Weathered Cook Inlet Crude Oil at 5(I ppt.
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Time One Year SamDles

Each sediment sample was spiked and placed in a sediment zray;

the sediment samples were deployed at various depths in Kasitsna Bay and

Sadie Cove. After one year of exposure the trays were retrieved and sub-

samples of the sediments were collected. Figure 6 shows the chromato-

grams obtained on the aliphatic  fraction of A, the 50 ppt fresh crude

oil spiked into the sediment at time zero, and B, C, and D, the tripli-

cate samples examined after one year of natural weathering. Several

features are significant in this figure. The first and most obvious

feature is the lack of any appreciable weathering of the oil at this

high level of concentration. This is reflected in the qualitative

appearance of the chromatograms  and in the data presented in Table 1.

Specifically, the lower molecular weight n-alkanes from nC8 through

nC lq> and the branched and cyclic compounds occurring between KOVAT
L&

index 900 and 1000

Figure 7

appear to be nearly identical in all four samples.

graphically presents the concentration abundance of

the n-alkanes in the 50 ppt spiked sediment sample at

again after one year of weathering in Kasitsna Bay. Note

tion to the concentrations of the time zero and one year

time zero and

that in addi-

samples being

very similar, the overall trends showing decreases in the higher molecu-

lar weight compounds are nearly identical for both samples, illustra~ing

the lack of any appreciable selective weathering.
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Figure 6. Flame ionization Detector capillary gas chromatograms of: A, the
aliphatic  fraction of the 50 ppt fresh Cook Inlet Crude Oil spiked
into the sediment at time zero, and B, C, and D, the aliphatic
fractions of the triplicate samples examined after one year of
natural weathering in Kasitsna Bay.
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The similarity of the pristane/nC17 and phytane/nC18  ratios, as

observed qualitatively in Figure 6 and Table 1, also illustrar?s CII e

lack of any appreciable biotic or abiotic weathering in these samples.

The chromatographic profiles are essentially superimposable, reflecting

the homogeniety of the initial spiked sediment, the replicability of the

weathering process in the field and the precision of the analytical meth-

od . Individual values for these three fractions are presented in Table

1, and the agreement of such features as the total n-alkanes, sum cf the

odd n-alkanes, even n-alkanes, pristane/phytane ratios, etc., is wnrth:r

of consideration.

Figure 8 presents the gas chromatograms of the aromatic frac-

tions obtained on the 50 ppt fresh Cook Inlet-spiked sediment at time

zero (A) and the replicate fractions (B, C and D) obtained from analyses

of the triplicate sediment samples after one year of natural weathering.

As in Figure 6, there does not appear to be any selective weathering of

the individual components present; however, examination of the reduced

data in Table 2 and Figure 9 shows that some decreases in aromatic

hydrocarbon concentrations did occur after 1 year. The apparent lower

levels of material in chromatogram A (Figure 8) only reflect a larger

final sample extract volume from which an aliquot was removed for

analysis by GC. Figure 9A presents a graphical representation of the

concentrations of eight selected aromatic compounds in the fresh 50 ppt
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Figure 8. Flame Ionization Detector gas chromatograms  of: A, the aromatic
fraction of the 50 ppt fresh Cook Inlet Crude Oil spiked into the
sediment at time zero and B, C, and D, the aromatic fractions of
the triplicate samples examined after one year of natural weather-
ing in Kasitsna Bay. 498
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Figure 9. Concentration abundance of selected aromatic hydro-
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sample after one year of weathering (@),and bottom,
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spiked sediments at time zero and time one y“ear. While time zero levels

of individual aromatic compounds ranged from 50 to 137 micrograms per

gram dry weight (for napthalene through 2,6-dimethylnapthalene)  , after one

year these compounds were present at concentrations ranging from 15 to

40 micrograms per gram dry weight. The decreases in aromatic compounds

from Kovat indices 1100 to 1500 were greater than the decreases in aroma-

tics with Kovat indices ranging from 1500 to 2000. This presumably re-

flects two things: 1) the greater volatility and water volubility of th=

lower molecular weight aromatic compounds, and 2) the lower relative a-

bundance of the higher molecular weight aromatics in the crude oil ‘co be-

gin with.

Figure 9B shows the relative losses of aromatic hydrocarbons in

the artificially weathered crude oil spiked into the Kasitsna Bay sedi-

ments at time zero and time one year. This figure illustrates that much

smaller relative changes occurred over the one year period after the oil

was spiked into the sediment. That is, the starting concentrations of

aromatic compounds such as 2-methylnaphthalene through phenanthrene rang-

ed between only 6 and 12 micrograms per gram dry weight of sediment when

artificially weathered crude was used to spike the sample at time zero.

These levels were not significantly reduced after one year of weather-

ing in the sediments of Kasitsna Bay: the most significant weathering

occurred while the oil was “artificially weathered” on the surface of a
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salt water aquarium before the oil was spiked into the sediment. Never-

theless, once these compounds are introduced into the seci~ment.s, they

are not as rapidly removed as they would be from simple dissolution in

the starting oil itself.

Figure 10 presents the gas chromatograms of the aliphatic and

aromatic fractions obtained on the 1 ppt fresh-crude oil spiked sediment

after one year of weathering in Kasitsna Bay. In comparison with Ylgure

4 which shows the starting 1.0 ppm spiked mterial, it is clear that

significant weathering of the sample has occurred. This is reflecced

first in the significantly greater relative loss of the lower molecular

weight alkanes below nC13, presumably due to a combination of biological

and abiotic (dissolution) processes. Evidence of biochemical degrada-

tion is shown in examining the pristane/nC17 and phytane/nC18 levels in

the aliphatic fraction in Figure 10 compared to the aliphatic  fraction

in Figure 4, and by examining the numerical values for these ratios in

Table 1. Clearly the straight chain alkanes have been preferentially

removed relative to the branched chain isoprenoids. The overall levels

of other aliphatic  hydrocarbons are also significantly reduced as

illustrated qualitatively in Figure 10 and by the data in Table 1.

Figure 11 graphically presents the concentration abundance of n-alkanes

in the 1.0 ppt fresh crude oil sediment spike at time zero and after one

year of natural weathering. Clearly all of the lower molecular weight

alkanes belOw “18 are reduced by a factor of from 2 to 5 and the higher

molecular weight n-alkanes are reduced by at Least a factor of 2 com-

pared to the sample taken at time zero. For the 1 ppt sample the total
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Figure 1!), Flame Ionization Detector gas chromatograms  of: A, the aliphatic

fraction and B, the aromatic fraction extracts obtained from 1 ppt

fresh Cook Inlet Crude Oil spiked sediments after one year of
weathering in Kasitsna Bay.
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resolved hydrocarbons decreased from 83 to 21 pg/g dry weight during the

year of exposure and the unresolved complex mixture decreased from 154

to 98 pg/g dry weight.

The aromatic fraction data in Figure 10B show somewhat less

degradation compared to the aliphatic fraction. Compounds with

molecular weights less than naphthalene (KOVAT < 1185) are obviously

removed due to a combination of biological and abiotic factors (dis-

solution and evaporation); however, compounds with molecular weights

greater than l-methylnapthalene (KOVAT > 1315) appear to be present in

relatively identical concentrations compared to the starting materials.

That is, while overall levels are slightly reduced as illustrated by the

data in Table 2, the relative concentrations of the individual poly-

nuclear aromatics are very similar in the time zero and time one year

samples. This is also reflected quite obviously by the qualitative

appearance of the aromatic fractions shown in Figures 4B and IOB,

respectively, and by the data presented in Figure 12A. Figure 12A

graphically presents the relative concencrat.ion abundance of selected

aromatic hydrocarbons from the 1 ppt spike of fresh crude oil at time

zero and after one year. Clearly while the relative range of concentra-

tions of all of the compounds in the time zero and one year samples are

lower compared to the 50 ppt sample shown in Figure 9A, the overall con-

centrations of the time zero and naturally weathered 1 ppt samples are

still relatively similar. This is particularly true of the higher

molecular weight compounds, bi-phenyl, fluorene, phenanthrene and
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l-methylphenanthrene. As in Figure 9A and B, the relative concentra-

tions of artificially weathered aromatic compounds from the 1.0 ppt

sample shown in 12B show that concentrations are in the same range i-l

the artificially weathered sample as in the fresh sample after it had

been weathered for a full year.

Clearly, while biological degradation of the aliphatic hydro-

carbons (primarily n-alkane) occurred at the 1 ppt level, concomitant

degradation of the higher molecular weight polynuclear  aromatics com-

pounds with molecular weights above that of methylnapthalene did not

occur at a significant level.

This lack of degradation of higher molecular weight PNA’s at

the 1.0 ppt level

aromatic fraction

crude spiked into

obtained from the

Kasitsna Bay; and

with artificially

is also illustrated in Figure 13, which presents the

chromatograms of: A) the 1 part per thousand fresh

the sediment at time zero; B) the aromatic fraction

1 ppt sediment after one year of in situ weathering in

C) the aromatic fraction of the 1 ppt sediment spiked

weathered crude oil after one year of additional

weathering in Kasitsna Bay. Clearly, examination of chromatograms  13A

and B shows that some loss of the lower molecular weight alkyl substi-

tuted benzenes at retention times 10.45, 11.68, 15.15, 15.90,

17.71 has occurred due to either evaporation or dissolution.

with molecular weights greater than that of l-methylnapthalene

16.49 and

Compounds

at reten-

tion time 29.41 (B) are present in nearly identical relative concentra-

tions. The chromatogram in 13C shows that the same compounds were also
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Flame ionization i)etector gas chromatograms  of extracts of the
aromatic fractions obtained from:

A, the sediment spiked with
ppt fresh crude oil at time zero;

B, the I ppt fresh crude samp
after one year of natural weathering in Kasitsna Bay and C, the
ppt sediment sample spiked with artificially weathered crude oil
after one year of additional weathering in Kasitsna Bay,
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present in the “artificially weathered” oil which was spiked into the

sediment after an additional year of natural weathering. This suggeszs

that although many lower molecular weight aromatic compounds are removed

from natural weathering of spilled oil while the oil is still at the

surface,once the less water soluble and volatile higher molecular weight

IVW’s are incorporated into the sediment, additional degradative pro-

cesses are extremely slow. Thus, while the relatively non-toxic alipha-

tic hydrocarbons are significantly degraded by biological processes in

the sediments at 1 ppt, the more toxic aromatic compounds appear to be

longer lived when introduced to the sediment from either fresh or

weathered crude oil at similar levels.

Figure 14 presents the aliphatic, aromtic and polar fraction

chromatograms obtained on the 0.1 ppt fresh crude oil spiked into the

sediment ab time zero (a) and after one year of weathering in the sedi-

ments of Kasitsna Bay (b, aliphatic fraction; c, aromatic fraction; d>

polar fraction). Clearly, almost all of the n-alkanes  in the star~ing

oil are no longer present in the sediment after one year of weathering.

In fact, the only compounds of any significance in the aliphatic frac-

tion of the fully weathered sediment are higher molecular weight odd

n-alkanes,  nC 23’ “25 ‘ “27’ and “29” These same compounds are also

predominant in the fresh crude sample shown in Figure 14A. That is,

instead of seeing a regular decrease in higher molecular weight

‘-a~kanes ‘rem “22 ‘hrough “32’ the odd carbons at 23, 25 and 27 from

biogenic input are clearly present. These are the only compounds which
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Figure 14”. Flame Ionization Detector capillary gas chromatograms  of: A, the
aliphatic fraction of the sediment spiked with 0.1 ppt Fresh Crude
Oil at time zero and B, the aliphatic fraction, C, the aromatic
fraction, and D, the polar fraction extracts obtained on the 0.1
ppt Fresh Crude Oil spiked sample after one year of Natural Weather-
ing in Kasitsna Bay.
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remain in the sediment after one year, although there is some evidence

that several unsaturated compounds between KOVAT indices 1900 and 2200

are present in Figure 14B. The aromatic fraction 14C shows only ex-

tremely low levels of residual materials with some evidence of pyrene

perhaps remaining in the sediment at retention time 78.70.

pound was not detected in the starting crude oil to an

degree, however, so its presence may reflect input from

This com-

appreciable

some ocher

source. GC/MS characterization of the compounds in the polar fractio~.,

14D, is being completed at this time.

Figure 15 shows the chromatograms of the aliphatic and aromatic

fractions of the 50 ppt artificially weathered crude oil spiked into the

sediment after one year of additional degradation in the sediment plots

in Kasitsna Bay. Comparison of the sediments spiked with the weathered

crude oil at time zero, as shown in Figure 5~ shows little or no change

in the oil composition after one year of additional weathering. This is

perhaps better illustrated in Figure 16, which presents the concentra-

tion abundance of the n-alkanes in the sediment spike at 50 ppt of the

artificially weathered crude oil in the time zero sample and after one

year of additional natural weathering. The data illustrate that all com-

pounds below the level of nC14 are drastically reduced in both the start-

ing material and the residual oil isolated after one year of natural wea-

thering; however, the higher molecular weight compounds are not signifi-

cantly altered. The corresponding data for the aromatic fraction of the

50 ppt spike of artificially weathered crude are shown in Figure 9B. These
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Figure 15. Flame Ionization Detector capillary gas chromatograms  of: A, the
aliphatic fraction and B, the Aromatic fraction extracts obtained from
the time one year Kasitsna Bay sample spiked with Artificially
Weathered Cook Inlet Crude Oil at 50 ppt.
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show that while the overall concentrations of the lower molecular weight

mono and di-cyclic aromatic compounds were reduced in the weathered

crude oil compared to the fresh crude oil, once the artifically weathered

oil reached the sediment, further degradation and loss of the aromatic

compounds did not occur.

When 1.0 ppt weathered crude oil was spiked into the sediments$

much greater degradation and loss of the lower molecular weight

n-alkanes occurred as illustrated by the data in Figure 17. In Figure

17 the loss Of lower molecular weight aliphatic

observed in the artificially weathered oil as

sediments. The sample collected after one

ICasistna Bay contained essentially no aliphatic

compounds can clearly be

it was spiked into the

year of weathering at

hydrocarbons below nC24.

This was very similar to the case when 1.0 ppt fresh crude oil was

spiked into the sediments and similar decreases in the aliphatic frac-

tion were observed. The data in Figure 12B, however, show that the

relative concentrations of aromatics in the 1.0 ppt weathered crude did

not decrease significantly over the year period after the oil was intro-

duced into the sediment. Quite clearly from these results, after fresh

or weathered oil is incorporated into the sub-Arctic sedimentary regime

at concentrations greater than 1.0 ppt, only limited additional degrada-

tion of the aromatic fraction occurs, at least in periods up to one

year.
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Sadie Cove Oil/Nutrient Spiked Experiments

Figure 18 presents the aliphatic fraction chromatograms ob-

tained on a) the 50 ppt oil plus starch b) 50 ppt oil alone and c) 50

ppt oil plus Chiton samples from Sadie Cove. The three chromatograms

are essentially identical showing that little or no degradation of the

oil occurred at the 50 ppt level. This is also reflected quantitatively

by comparing the numbers in Table 1 for samples No.s 782, 779 and 780.

These data suggest that the total reoslved hydrocarbons and unresolved

complex mixtures are essentially identical in the three samples. Other

similarities include the odd/even hydrocarbon ratios, the

sum of pristane plus phytane to the total n-alkanes, and

ratio of the

the pristane/

“17 and phytane/nC18 ratios. Essentially, these data suggest that at

the 50 ppt level degradation is not nutrient limited. Figure 19 pre-

sents the aromatic fraction chromatograms  obtained on the same three

Sadie Cove sediment samples: a) oil plus starch, b) oil alone and c)

oil plus Chiton. As the data in Table 2 illustrate, the aromatic com-

pounds which were identified appear to be essentially the same in all

three

matic

would

matic

samples, although there ~ be some decrease in the levels of aro-

compounds in the oil and starch sample (a). Replicate analyses

be required to determine if the subtle difference in overall aro-

compound levels is statistically significant. Alternatively, it

may be prudent to examine 1.0 ppt oil spikes in the presence and absence

of nutrients to determine if enhanced aromatic hydrocarbon degradation

can be induced to lower overall hydrocarbon levels where the inherent

toxicity may be reduced.
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Figure 18. Flame Ionization Detector capillary gas chromatograms of
aliphatic fraction extracts obtained on: A, 50 ppt fresh 011 plus

. starch, B, 50 ppt fresh Oil alone, and C, 50 ppt fresh Oil plus
Chitin after one year of natural weathering in the sediments of
Sadie Cove.
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Figure 19. Flame Ionization Detector capillary gas chromatograms of aromatic
fraction extracts obtained on: A, 50 ppt fresh Oil plus starch,
B, 50 ppt Oil alone, and C, 50 ppt fresh Oil plus Chitin after one
year of natural weathering in the sediments of Sadie Cove.
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The results presented here support the conclusion thai i~l a

major oil spill event in the sub-Arctic marine environment, the most s~g-

nificant weathering of the oil will occur at the air/sea interface or in

the water column before the oil is incorporated into the sedimentary re-

gime. This is particularly true in fine-grain sediment matrices in low-

energy environments. Once levels of fresh and weathered Cook Inlet Crude

oil reached concentrations in excess of 1 ppt in the sediment plots ex-

amined in the study, very little additional weathering or loss of higher

molecular weight aromatic hydrocarbons occurred. At spiked levels of 50

ppt with both fresh and weathered crude oil, nearly complete inhibi~iG~

of microbiological utilization or selective removal of aliphatic hydro-

carbons was also observed, especially for those sediments spiked with

fresh crude. Recovery of biological activity and selective utilization

of aliphatic hydrocarbons did occur in the samples spiked with fresh and

weathered crude at 1 ppt, and in the 0.1 ppt spiked samples, there was

little or no evidence of either aliphatic or aromatic petroleum hydro-

carbon contamination after one year. At that time, the 0.1 ppt spiked

samples appeared to contain only the same biogenic hydrocarbons observed

in the non-spiked control sediment samples from Kasitsna Bay.

In the study plots which were spiked with 50 ppt oil plus added

nutrients (starch and Chitin), there was no evidence of any enhanced bio-

tic recovery or selective hydrocarbon utilization with either fresh or

weathered crude oil. This suggests inhibition of biological processes
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from the high levels of toxic aromatic compounds in the oil itself rather

than inhibition from limited nutrient concentrations. To more accurately

address the role of added nutrients in oil degradation, detailec! analyses

should be completed on lower spiked oil concentrations in the presence

and absence of nutrients. Also, experiments to assess the role of dis-

solved oxygen, grain-size, the energy (tidal and wave) input to the sed-

imentary environment, total organic carbon content and other factors such

as total bio-mass, could be considered in future studies.

From the results obtained on the fresh and weathered crude oils

and the sediment samples examined in this program, it appears that the

maximum amount of weathering and removal (dissolution and evaporation)

of toxic components can be achieved if spill clean up and treatment ef-

forts are designed to prolong the time that the oil remains on the water

surface or suspended in the water column. This may suggest limited use

of dispersants or detergents in certain spill situations, particularly

if damage to coastal zones is not imminent. Containment and recovery

of the residual higher molecular weight materials should take precedence

over other strategies such as chemical dispersal which may result in high-

er sub-tidal sediment loadings.
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